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Abstract

Statins, hydroxymethylglutaryl-coenzyme-A reductase inhibitors (HMG-Co-A), are known to reduce plasma cholesterol lev-

els. Interestingly, Simvastatin was previously reported to positively affect the proliferation and odontoblastic differentiation

of human dental pulp cells. The purpose of this study was to compare the effectiveness of different concentrations of Simvas-

tatin on the differentiation and mineralization of normal human osteoblasts.

Osteoblasts were cultured with Simvastatin at various concentrations of 1, 10, 25, 50, 75, 100 mol/L, and 0 mol/L was used

as  a  control.  The  differentiation  and  mineralization  were  investigated  at  7,  14,  and  21  days.  Statistical  analysis  was  per-

formed using ANOVA. P-values ≤0.05 were considered statistically significant.

The results showed that Simvastatin at all concentrations significantly upregulated ALP activity (P<0.001), osteocalcin ex-

pression  (P<0.001),  RUNX2  expression  (P<0.001),  and  mineralization  (P<0.001)  of  normal  human  osteoblasts  compared

with control.
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Introduction

Statins,  Hydroxymethylglutaryl-coenzyme  A  in-

hibitors first identified as fungal extracts of Aspergillus ter-

reus back in 1976 [1],  are known to reduce plasma choles-

terol  levels  and  cardiovascular  morbidity  and  mortality

[2,3]. Statins inhibit the rate-limiting step of cholesterol syn-

thesis by preventing HMG-CoA from being reduced to me-

valonate via HMG-CoA reductase [3]. By inhibiting the hep-

atic cholesterol biosynthesis at the level of HMG-CoA reduc-

tase, this drug increases hepatic low-density lipoprotein re-

ceptors, resulting in an increased uptake of low-density lipo-

protein cholesterol from the blood and the subsequent low-

ering of circulating cholesterol levels.

In rats, Simvastatin given periorally increased both

tibial  and  vertebral  trabecular  bone  volume  and  vertebral

compressive  strength  [4].  It  also  reduced  ovariectomy-in-

duced  trabecular  bone  loss  in  vertebrae  [5,6].  In  addition,

there  is  evidence  that  simvastatin  delivered  in  the  diet  can

improve fracture repair [7]. Statins increase bone formation

and cancellous bone volume [5,8].  The local  application of

simvastatin in the tooth extraction socket has been reported

to enhance the alveolar bone remodeling [9] and the prolif-

eration and osteoblastic differentiation of human PDL cells

[10].

The effect of statins on bone formation has been re-

ported using alternative routes of administration. Orally ad-

ministered usually produces a deficient concentration of ac-

tive systemic metabolites and local administration of simvas-

tatin may provide higher tissue dosage [11]. When Simvas-

tatin  was  administered  subcutaneously,  it  also  increased

bone  formation  in  calvarial  bone  in  the  mouse  model

[5,12].

Simvastatin has been found to promote osteoblas-

tic activity and inhibit  osteoclastic activity [13,14].  Simvas-

tatin enhances the repressive action of FoxO3a on the synth-

esis  of  Cyr61  in  osteoblasts  and  subsequently  decreases

CCL2 production and macrophage recruitment  [15].  It  in-

hibits  periapical  bone  resorption  by  diminishing

macrophage  chemotaxis  to  the  inflammation  site  [16].

The anti-inflammatory action of Simvastatin is as-

sociated  with  its  effects  to  induce  autophagy  and  inhibit

apoptosis  in  osteoblasts  [17].  The  anti-apoptotic  effect  of

simvastatin has been shown in the osteoblasts [17]. Simvas-

tatin inhibited cytokine-stimulated Cyr61 expression in os-

teoblastic  cells  and suppressed  disease  progression  and os-

teoblastic  expression  of  Cyr61  in  inflammatory  arthritis

[18].  Simvastatin alleviates  the progression of  induced api-

cal periodontitis in rats [16].

In  vitro,  studies  suggest  that  statins  promote  os-

teoblast differentiation and mineralization demonstrated by

an increased number of osteoblasts at all stages of differenti-

ation [5]. It is further suggested that these effects lead to the

up-regulation of BMP-2 in osteoblast-like cells [19] and os-

teosarcoma  cells  [20].  Simvastatin  significantly  improves

the osseointegration of pure titanium implants [21] and en-

hances fracture healing [22]. This study was designed to fur-

ther compare the effectiveness of different concentrations of

Simvastatin on the differentiation and mineralization of nor-

mal human osteoblasts.

Methods

Simvastatin Preparation

Simvastatin  was  activated  by  dissolving  25  mg  of

Simvastatin  in  100  uL  of  Ethanol.  150  uL  of  0.1  N  NaOH

was added to the solution. The mix was incubated at 50oC

for 2 hours. The pH was tested and brought down to 7.2 by

HCL. The final concentration of the stock solution is 25

mg/ml. The stock solution was kept at -20oC for up to a

month [15-17,23].

Cell Culture

Human  intra-oral  alveolar  bone  fragments  were

obtained from healthy patients  between the ages of  18 and

50 years old who have no systemic or metabolic bone diseas-

es or acute infections and did not use steroids in the last  6

months  before  surgery.  Bone  samples  were  obtained  from

discarded  bone  tissue  during  dental  teeth  extraction  and

other  ostectomy  procedures  under  the  IRB  approval.  The

procedure to obtain human osteoblast cells was based on a

previously  published  protocol  with  modifications  [24-27].

First, the soft tissue attached to the bone was removed using

a  sterile  surgical  blade  (Henry  Schein).  Bone  fragments

were then cut into 2-4 mm small pieces using a sterile micro
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dissecting scissor and #11 surgical blade. After the enzymat-

ic  digestion  of  the  soft  tissue  and  fibroblasts,  bone  frag-

ments were cultured in a 12.5 cm2 flask containing 6 mL

growth media  [10% fetal  bovine  serum (FBS),  1X Peni-

cillin/Streptomycin antibiotic (100 U/mL), Amphotericin B

anti-fungal (2.5 mg/ml) in Dulbecco’s Modified Eagle Medi-

um (DMEM)].  The  bone  fragments  were  maintained  at

37°C, in a standard CO2 incubator with 5% carbon dioxide,

and saturated humidity until the second passage. The cul-

ture medium was replaced every three days until the cells

reached 80% confluence. The cells were then detached from

the flask using 0.05% Trypsin-EDTA (thermos Fisher Scien-

tific, USA) and centrifuged (TJ-6 Beckman Centrifuge) for

5 mins at 1000 rpm. The cells collected in the pellet were

counted and utilized for the experiments.

Osteogenic Media Preparation

For  differentiation  and  mineralization  studies,

growth media was replaced with a pre-osteogenic inductive

medium for a  total  of  48 hours before each predetermined

time interval: for Simvastatin it was 7, 14, and 21 days. Pre-

osteogenic  media  consists  of  10%  charcoal-stripped  fetal

bovine  serum  FBS,  100  U/mL  Penicillin  G,  100  mg/mL

Streptomycin,  10-8  M Menadione,  10  mM β-Glycerophos-

phate,  1.5  mg/mL  L-ascorbic  acid,  and  2  mM  L-glutamine

all in a calculated volume of DMEM media.

At 24 hours before each predetermined time inter-

val,  the cell  culture medium was replaced by a fresh pre-o-

dontogenic  inductive  medium  to  which  was  added  10  nM

VitD3.  The  supernatant  fluid  was  collected  on  predeter-

mined days.  The ALP,  OSC,  and RUNX2 production were

measured  from  the  collected  supernatants.  The  remaining

fixed cells in culture plates were used to perform the miner-

alization assay. The osteogenesis phenotype was confirmed

by adding Vitamin D3.

Cell Attachment and Proliferation

To measure the differentiation of the cells on a per

million-cell basis, the data on cell attachment and prolifera-

tion have been presented in the previous paper [28].

Alkaline Phosphatase Activity Assay

The  fluorometric  alkaline  phosphatase  assay  kit

(Abcam) was employed to measure alkaline phosphatase ac-

tivity in cell culture supernatants. This kit is an ultra-sensi-

tive, direct, and HTS-ready assay designed to measure ALP

activity in serum and bio-samples with a detection sensitivi-

ty of 1μU, which is more sensitive than colorimetric assays.

The  ALP  activity  was  measured  according  to  the

manufacturer’s instructions. For each condition, three sam-

ples were employed. In each of a 96-well black plate with a

clear bottom, exactly 100 μL culture supernatants were incu-

bated with 20 μL of the non-fluorescent 4-methylumbellifer-

one phosphatase disodium salt (MUP) substrate; MUP was

converted  to  the  fluorescent  4-methylumbelliferone  when

dephosphorylated by active secreted ALP. After incubation

for 30 minutes at 25°C in the dark, the reaction was stopped

with 20 μL stop solution by gentle shaking of the plate. The

emission was measured at 440 nm by excitation at 360 nm

on a microplate reader (TECAN, Infinite 1000 Pro).  Three

measurements for each value were performed for averaging

and alkaline phosphatase activities were calculated by a stan-

dard curve and normalized to ALP activity on a per million

cell basis.

Osteocalcin ELISA Assay

To  measure  osteocalcin  (OSC)  released  in  os-

teoblast cell cultures supernatants, a competitive human os-

teocalcin immunoassay (Quantikine ELISA) was employed.

The kit is a 4.5-hour solid-phase ELISA assay and employs a

monoclonal antibody that is specific for human osteocalcin

and is pre-coated onto a 96-well microplate provided. It al-

so contains an Osteocalcin-HRP conjugate, that binds to hu-

man  osteocalcin  protein,  making  osteocalcin  amounts  de-

tectable.

RUNX2 ELISA Assay

This kit was based on sandwich enzyme-linked im-

mune-sorbent assay technology. Anti-RUNX2 antibody was

pre-coated  onto  96-well  plates.  The  biotin-conjugated  an-

ti-RUNX2 antibody was used as the detection antibody. The

standards,  test  samples,  and  biotin-conjugated  detection

antibody were added to the wells subsequently and washed

with  wash  buffer.  HRP-Streptavidin  was  added,  and  un-

bound  conjugates  were  washed  away  with  a  wash  buffer.

TMB substrates  were  used  to  visualize  the  HRP enzymatic
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reaction. TMB was catalyzed by HRP to produce a blue col-

or  product  that  changed into yellow after  adding an acidic

stop  solution.  The  density  of  yellow  is  proportional  to  the

RUNX2 amount of sample captured in the plate. The opti-

cal density was read at an absorbance of 450nm in a micro-

plate reader, and then the concentration of RUNX2 can be

calculated.

Mineralization Assay by Alizarin Red S Staining

Alizarin  Red  S  (ARS),  an  anthraquinone  dye,  has

been  widely  used  to  evaluate  calcium  deposits  in  cell  cul-

ture,  which  is  a  sensitive  tool  for  the  recovery  and  semi-

quantification of ARS in a stained monolayer of cells. Miner-

alization is assessed by extraction of calcified mineral at low

pH, neutralization with ammonium hydroxide,  and colori-

metric  detection  at  405  nm.  This  assay  is  more  sensitive

than  the  cetylpyridinium  chloride  (CPC)  extraction

method,  improving  the  detection  of  weakly  mineralizing

monolayers.

Statistics

All data were normalized on a per million-cell ba-

sis.  All  experiments  were  performed in  six  replicates.  Data

are presented in means and standard deviations. The means

and  standard  deviations  (SD)  of  osteoblast  differentiation

and mineralization were tested at 7, 14, and 21 days. Statisti-

cal  analysis  was  performed using  the  software  JMP Pro  12

(ver. 12.1.0) in Student’s t-test and ANOVA to detect the sta-

tistical  differences  between  the  groups.  Differences  at  p  ≤

0.05 were considered statistically significant.

Results

Alkaline Phosphatase Activity

A  pattern  was  observed  from  days  7,  14,  and  21,

with  a  relatively  dose-dependent  increase  in  ALP  activity

from  the  least  to  the  greatest  Simvastatin  concentration.

Here, the control group's ALP activity decreased from day 7

to  21.  By  day  21,  the  100  umol/L  concentration  stood  out

with the highest ALP activity. Statistically significant differ-

ences  were evident  across  all  groups compared to the con-

trol at all time points (p<0.001).

Figure 1: The ALP activity of Osteoblasts when affected by Simvastatin concentrations from days 7, 14, and 21 (N=6)

**, ***- represents the significant difference (p<0.001) of the concentrations when compared to the control at all-time points.

The error bars represent the standard deviations of six replicates.

Osteocalcin Levels

As  depicted  in  the  figure,  all  concentrations

showed significant increases in osteocalcin expression from

day 7 to 21. On days 7 and 14, the 10 umol/L concentration

expressed the highest OSC at 375 ng/mL and 475 ng/mL per

million cells, respectively. On day 21, the highest OSC level

was  seen  with  the  25  umol/L  concentration,  reaching  550

ng/mL  per  million  cells.  Significant  differences  were  ob-

served amongst the groups when compared to the control at

each time point (p<0.001).
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Figure 2: The OSC levels of Osteoblasts when affected by Simvastatin concentrations from days 7, 14, and 21 (N=4)

***- represents the significant difference (p<0.001) of the concentrations when compared to the control at all time points.

The error bars represent the standard deviations of four replicates.

RUNX2 Levels

The  figure  illustrates  a  relatively  time-dependent

decrease in all concentrations over days 7, 14, and 21. Notab-

ly,  on  day  7,  the  75  umol/L  concentration  of  Simvastatin

showed the highest level  of RUNX2 at 347 ng/mL per mil-

lion cells. By day 21, the 10 umol/L concentration of Simvas-

tatin  displayed  the  highest  RUNX2  levels  than  the  rest  of

the  concentrations.  All  groups  showed  statistically  higher

levels  of  RUNX2  expression  compared  to  the  control  at

each  time  point  (p<0.001).

Figure 3: The RUNX2 activity of Osteoblasts when affected by Simvastatin concentrations from days 7, 14, and 21 (N=3).

*, **, ***- represent the significant difference (p<0.001) of the concentrations when compared to the control at all time points.

The error bars represent the standard deviations of four replicates.
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Mineralization

From  days  7  to  21,  a  time-dependent  decrease

across all concentrations was observed. The 25 umol/L con-

centration  showed  the  most  potent  mineralization  activity

on days 7 and 14. By day 21, most concentrations had signif-

icantly decreased. When compared to the control at all time

points,  statistically  significant  upregulation  of  mineraliza-

tion was identified among all concentrations of Simvastatin

(p<0.001).

Figure 4: Mineralization levels of Osteoblasts were affected by different concentrations of Simvastatin at 7, 14, and 21 days. (N=6)

**, ***- represents the statistical significance (p<0.001) of the Simvastatin concentrations when compared to the control at all time points.

The error bars represent the standard deviations of six replicates.

Discussion

The effects of statins on bone formation have long

been a topic of interest in medical research. One of the first

pieces of evidence for this connection came from Mundy et

al.  in  1999,  who reported that  statins  could stimulate  bone

formation  in  rodents  [5].  The  mechanism  was  reported  to

be  through  the  upregulation  of  bone  morphogenic  pro-

tein-2 (BMP-2) in osteoblasts, which promotes their differ-

entiation into bone-forming cells (29). Furthermore, statins

inhibit  3-hydroxy-3-methylglutaryl-coenzyme  A  (HMG--

CoA) reductase, a process that also has a dampening effect

on  osteoclasts,  the  cells  responsible  for  bone  resorption

[30].  More  recent  studies  have  also  suggested  that  statins

can modulate inflammation, promote osteogenesis and an-

giogenesis, and inhibit osteoblast apoptosis and osteoclasto-

genesis  [4,5,7,12,31-40].  However,  this  positive  picture

[41-43] has been complicated by other studies showing that

statins  might  not  always  have  beneficial  effects  on  bone

health  [44-46].  In  a  randomized  controlled  trial,  Simvas-

tatin had no significant effect on bone mineral density and

bone  turnover  in  postmenopausal  osteopenic  women [47].

Some  studies  have  suggested  that  statins  could  be  harmful

to bone healing [14,48-56].

At the in vitro level,  the current  study found that

Simvastatin  increased  the  activity  of  alkaline  phosphatase

(ALP), a marker of osteoblast differentiation, in a dose- and

time-dependent  manner.  The  results  are  also  in  line  with

previous  osteoblast  studies  [5,19],  which  reported  that

statins could increase ALP activity, thus promoting bone for-

mation.  However,  some caution is  required in interpreting

these  results,  as  the  effects  of  Simvastatin  can  be  cell-type

and context-dependent, and not all studies have found an in-

crease in ALP activity with statin treatment. For example, a

study reported that Simvastatin could decrease ALP activity

in  osteoblasts  under  inflammatory  conditions  [57].  The

ALP activity of bone marrow stromal cells decreased during

the later days of 9 and 12 in cell culture [58]. In the present

study,  ALP  activity  was  significantly  increased  at  the  later

time points  of  cell  culture  by  Simvastatin  of  all  concentra-
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tions.  While  ALP  is  a  marker  of  osteoblast  differentiation,

its  activity  can  also  increase  under  pathological  conditions

such as bone diseases or certain cancers. Therefore, the rise

in  ALP levels  upon Simvastatin  treatment  should  be  inter-

preted in the context  of  the overall  health status and other

related biomarkers.

Osteocalcin (OSC) expression in the present study

showed significant  increases  by  a  few to  hundreds  of  folds

in all concentrations of Simvastatin at all-time points when

compared to the control. This result showed much more sig-

nificant increases in OSC expression compared with Baek’s

report  that  showed Simvastatin  enhanced the  OSC expres-

sion  of  bone  marrow  stromal  cells  by  approximately  1.5--

fold  when  compared  to  the  control  [58].  Mundy  also

showed in their study that simvastatin stimulates bone for-

mation  in  vitro  and  rodents,  increasing  the  expression  of

bone  morphogenetic  protein-2  (BMP-2)  and  consequently

increased osteocalcin levels [5]. Similarly, a study by Maeda

showed  that  simvastatin  enhanced  bone  formation,  elevat-

ing serum osteocalcin levels in rats [19].

In the present study, RUNX2 levels in normal hu-

man osteoblasts decreased over time from day 7 to day 21.

This could suggest that differentiation was happening early

and  then  tapers  off.  Lee  found  that  Simvastatin  increases

RUNX2 levels in HDPCs at 7 and 14 days [59]. This is like

the  present  study  as  the  results  showed  an  increase  in

RUNX2 levels at day 7 when compared to the control.  Ka-

mada noticed Simvastatin promoted the gene expressions of

RUNX2 in the dental pulp cells on day 3, but a suppression

on day 16 [60], which is comparable to the present study as

RUNX2 levels decreased from day 14 to 21. Simvastatin up-

regulated the  expression of  RUNX2 in  osteoblasts  at  day  7

[61], which agrees with the present day 7 results. A particu-

larly prominent finding in the present study was the signifi-

cant  upregulation  of  RUNX2  expression  by  all  concentra-

tions of Simvastatin at each time interval in comparison to

the control.

The  mineralization  results  showed  a  time-depen-

dent decrease across all concentrations from days 7 to 21 in

culture.  At  each  time  point  of  culture,  normal  human  os-

teoblasts showed significant upregulation of mineralization

by  Simvastatin  of  all  concentrations  designed in  this  study

compared with control. This result is in line with the previ-

ous study showed a significant increase in mineralization in

the  a-TCP-Sim  treated  cells  when  compared  with  the  un-

treated HDPCs [62]. An increase in mineralization was no-

ticed in PCL/PLLA/HA scaffolds incorporated with Simvas-

tatin in the dental pulp stem cells [23]. Simvastatin was no-

ticed to be able to accelerate mineralized tissue formation in

vivo [63]. This enhanced mineralization is likely due to the

increased expression of odontoblastic differentiation mark-

ers,  such as dentin sialophosphoprotein and alkaline phos-

phatase caused by simvastatin.

Different  passages  of  cells  were  used.  In  this  pre-

sent study,  experiments were performed on cell  cultures at

2nd passage. Min used cell cultures between the 5th and 7th

passages [64]. The phenotype of the cells can drastically af-

fect how Simvastatin reacts to it.

Time intervals played a big role in this study. Most

studies were short-term [10,58,63,64].  The current study is

unique because the long-term effects of Simvastatin on Os-

teoblasts up to 21 days were studied.

Conclusion

Simvastatin  at  all  concentrations  of  1,  10,  25,  50,

75, 100 mol/L tested in this study significantly upregulated

ALP  activity  (P<0.001),  osteocalcin  expression  (P<0.001),

RUNX2  expression  (P<0.001),  and  mineralization

(P<0.001) of human osteoblasts compared with the control.
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