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Statin-induced calcification in
human mesenchymal stem cells is cell death related

Laszlo Kupesik ® °, Thomas Meurya ® ¢, Matthias Flury ¢, Martin Stoddart ?, Mauro Alini * *

2 Biomaterials and Tissue Engineering Program, AO Research Institute, Davos, Switzerland
b Department of General Zoology, Eétvds Lordand University, Budapest, Hungary
¢ Shriners Hospital for the Children, Genetics Unit, Montreal, QC, Canada (present address)
d Orthopédie obere Extremitét, Schulthess Klinik, Ziirich, Switzerland

Received: April 11, 2008; Accepted: September 11, 2008

Abstract

Statins are widely used in clinics to lower cholesterol levels. Recently, they have been shown to positively affect bone formation and bone
mass in a rat model. The aim of this study was to investigate the effect of pravastatin, simvastatin and lovastatin on the osteoblastic dif-
ferentiation of human mesenchymal stem cells (MSCs) in vitro. Cell number, alkaline phosphatase (ALP) activity, matrix mineralization
and gene expression pattern were determined. Pravastatin did not affect cell differentiation. Simvastatin and lovastatin enhanced bone
morphogenetic protein 2 (BMP-2) mRNA levels. In contrast, ALP activity and mRNA levels were suppressed by statins, as well as the DNA
content and cell activity (MTT). An increase in apoptotic events was observed at high concentrations of statins, along with high Ca-45
incorporation. Lower concentrations of statins did not increase apoptotic staining, but also failed to induce calcification. When statin-
induced calcification did occur, the morphology of the deposits was very different from the conventional nodule formation; the calcium
was laid down along the membranes of the rounded cells suggesting it was as a result of cell death. Our results indicate that statins are
not able to differentiate human MSCs into osteoblasts and that high concentrations of statins (>1 wM) have a cytotoxic effect.
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Introduction

Statins are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase. The product of this enzyme is mevalonate,
a precursor of isoprenoid pathways in cells. Isoprenoids are build-
ing blocks of several important, sometimes essential end-prod-
ucts, such as: farnesylated and geranyl-geranylated proteins,
ubiquinone, cholesterol, and through this latter into steroid hor-
mones, vitamin-D, bile acids and lipoproteins [1]. The activity of
many proteins is regulated by isoprenylation and/or addition of
cholesterol [2]. Statins interfere with isoprenoid production, which
will lead to altered protein synthesis [3].

Mevalonate and cholesterol are also essential for DNA replica-
tion and cell proliferation [4]. Besides modulating the cell cycle,
statins also reduce cholesterol production. Consequently, the
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blood low-density lipoprotein levels decrease, and this prevents
arteriosclerosis. Statins have further beneficial effects on vascular
walls and on platelets [3].

The influence of statins on bone mass was first reported by
Mundy et al. [5]. Lovastatin and simvastatin increased bone mass
when injected subcutaneously or administered orally in rodents. It
was also reported that statin therapy increased bone mass and
reduced fracture risk in osteoporotic patients [6-8]. However,
other studies could not show any significant difference between
statin-treated patients and control [9-11].

Statins have been shown to affect both osteoclast and
osteoblast cells at different levels. An inhibitory effect of statins on
bone resorption was demonstrated recently by several research
groups [12, 13]. They suggested that statins act on osteoclasts
similarly to bisphosphonates, by the inhibition of farnesylation and
geranylgeranylation of proteins, leading to inactivation of osteo-
clasts through cytoskeletal changes.

In addition, statins appear to enhance osteoblast function.
Maeda et al. reported that statins induced the gene expression of
several osteoblast markers (BMP-2, VEGF, ALP, COL1, BSP, OCN) in
a pre-osteoblastic mouse cell line [14]. Pitavastatin enhanced bone
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morphogenetic protein 2 (BMP-2) and osteocalcin expression in
primary human osteoblasts, by inhibiting Rho-kinase activity [15].

These publications illustrate that statins affect a range of tis-
sues and cell types in vivo, and that they may be candidates to
treat different types of diseases. In the elaborate environment of a
living organism, many factors can modulate or even reverse the
effect of a drug. It can be mediated by other cell types, for exam-
ple through paracrine or endocrine signaling. The system is less
complex in case of tissue engineering applications. /n vitro, usu-
ally only one or a few cell types are used. Mesenchymal stem cells
(MSCs) are often applied in bone tissue engineering constructs,
where they are stimulated by BMPs or other factors to differenti-
ate towards an osteoblastic phenotype. It is therefore important to
know how statins influence MSCs in a simple in vitro system.

The aim of this study was to investigate the effect of different
statins on the osteoblastic differentiation of primary human MSCs.
Such differentiation process has been previously shown in rodent
and human cell line. Simvastatin induced osteoblastic differentia-
tion in mouse MC3T3-E1 cells and lovastatin induced osteogene-
sis in human D1 cell line. At the same time, adipogenic differenti-
ation was inhibited [16, 17].

There are few reports regarding the effect of statins on primary
human MSCs, and the results are rather controversial. Fluvastatin
and simvastatin induced osteogenic differentiation in two separate
studies [18, 19]. On the contrary, Lee et al. found that fluvastatin
and lovastatin promoted neuroglial, but not osteoblastic differen-
tiation of hMSCs [20]. There is also disagreement between stud-
ies on rodent MSCs [21, 22].

In some of the above-mentioned reports, non-standard
reagents or complicated cell isolation methods were used.
Therefore, we intended to clarify how unmodified, commercially
available statins affect the osteoblastic differentiation of bone mar-
row-derived human MSCs in vitro. Should statins induce
osteoblastic differentiation of MSCs, they might be useful in bone
tissue engineering applications as osteogenic factors. In the pres-
ent study, three statins (simvastatin, lovastatin and pravastatin)
were examined.

Materials and methods

Isolation and expansion of MSCs

Bone marrow was obtained from the Schulthess Klinik (Zirich, Switzerland)
with the written consent of the patients (ethical approval Nr: EK:38/2003).
The marrow (30-60 ml) was aspirated into several S—Monovettes
(Sarstedt, Germany). Heparin (15,000 IU) was added to each 8.5 ml tube to
prevent clot formation. The samples were kept at room temperature during
shipping, and the MSCs were isolated within 1 day from harvesting. First,
the bone marrow was diluted 1:3 with MEM (Gibco, Luzern, Switzerland)
medium containing 5% foetal bovine serum (FBS) (Gibco, lot Nr. 40G1640K
and 40F9311K). Then, the mixture was layered on a Ficoll cushion
(Histopaque-1077, Sigma-Aldrich, Buchs, Switzerland). After centrifuging
at 800 g for 20 min., the mononuclear cells were recovered from the liquid
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interface, and were washed with «MEM. The isolated cells were plated in
polystyrene cell culture flasks (TPP, Switzerland) and were supplemented with
oMEM medium, 10% FBS, non-essential amino acids («MEM, Gibco) and
5 ng/ml recombinant human basic FGF (R&D Systems, lot Nr. AU854011 and
AU854031, Abingdon, UK) as previously described [23-25]. The medium was
changed after 3-5 days, and twice a week afterwards. When the cells reached
confluence, they were detached with 0.5% trypsin in 5.3 mM EDTA, washed,
and re-plated in cell culture flasks, or in 24-well plates for experiments. Only
second or third passage cells were used in each experiment.

Experimental conditions

The cells were seeded in 24-well plates (TPP, Switzerland) at a density of
16,000 cells/cm?. During the first 3 days (recovery period), they were cul-
tured in «MEM with 10% FBS. Then the medium was switched to aMEM
with 10% FBS, non-essential amino acids, 10 mM-glycerophosphate
(Sigma), 0.1 mM ascorbic-acid-2-phosphate (Sigma). Lovastatin, simvas-
tatin and pravastatin (all synthetic, from Calbiochem, San Diego, CA, USA)
were stored as 1000 stock solutions at —20° C. Pravastatin was recon-
stituted in Milli-Q water, lovastatin and simvastatin in DMSO. Non-induced
control samples were supplied with DMSO 1:1000. Dexamethasone (dexa)
containing medium (10 nM) was used as a positive control for cell differ-
entiation and matrix mineralization.

DNA content

Cell number was evaluated by measuring the DNA content at different time-
points. Cell monolayers were digested with 0.5 mg/ml recombinant
Proteinase-K (Roche) at 56° C for approximately 16 hrs. DNA concentra-
tions were determined with the Hoechst method as described by Labarca
and Paigen [26]. Fluorescence intensity was measured with an HTS 7000
Perkin Elmer Bio Assay Reader.

MTT assay

MSCs were seeded in 24-well plates at a density of 11,000 cells/cmz, and
were let to attach overnight. Culture media of interest were added the next
day. At each time-point (day 0, 4, 11, 14 and 18), the media were removed,
the cells were washed with phosphate-buffered saline (PBS), then 0.5 ml
DMEM/F12 without phenol-red (Sigma) and 50 wl 5 mg/ml Thiazolyl Blue
Tetrazolium Bromide (Sigma) was added to each well. The plates were
incubated at 37° C for 4 hrs. The produced MTT-formazan was dissolved
by the addition of 0.5 ml 2-propanol and agitating in the dark on an orbital
shaker (SM25, Edmund Biihler, Tiibingen, Germany) at room temperature,
150 cycles/min., for 1 hr.

Alkaline phosphatase activity assay

Cell monolayers were extracted with 1% Triton-X for 3 hrs at 4° C as pre-
viously described [27]. The extracts were frozen at —20° C until assayed.
Alkaline phosphatase (ALP) activity was measured using the Sigma Kit
No.104 for colorimetric ALP quantification on an HTS 7000 Perkin Elmer
Bio Assay Reader. The resulting values were normalized to the DNA con-
tent of parallel cultures.

© 2008 The Authors
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Table 1 The real-time PCR primers and probes used

Gene
human 18S

Sequence/AB reference number

internal control, Applied Biosystems

human tissue
independent ALP

human BMP-2

Hs00758162_m1

forward: 5'-AACACTGTGCGCAGCTTCC-3’
reverse: 5'-CTCCGGGTTGTTTTCCCAC-3’

probe: 5'(FAM)-CCATGAAGAATCTTTGGAA-
GAACTACCAGAAACTG-3'(TAMRA)

Real-time PCR

Cells were lysed with TRI-reagent (Molecular Research Center, Cincinnati,
OH, USA) and the RNA isolation was carried out according to the protocol
from the manufacturer. RNA was reverse transcribed with TagMan reverse
transcription kit (Applied Biosystems, Foster City, CA, USA) using random
hexamers to initiate transcription. For real-time PCR, we used TagMan PCR
analysis kits, on a GeneAmp 7500 Real Time PCR System (Applied
Biosystems). Primers and probes used are listed in Table 1. Tissue-
independent ALP, gene expression assays was ordered from Applied
Biosystems. BMP-2 construct was based on the work of Meury et al. [28].
The PCR reaction mixture contained TagMan Universal PCR master mix
without AmpErase UNG (Applied Biosystems), 900 nM primers (forward
and reverse), 250 nM TagMan probe, and 2 pl of cDNA sample for a total
reaction volume of 25 pl. PCR conditions were 95°C for 10 min., followed
by 40 cycles of amplification at 95°C for 15 sec. and 60°C for 1 min.

Calcium incorporation

Cell cultures were incubated overnight with 1.25 w.Ci 5ca isotope per ml,
before washing three times with PBS. Afterwards, 0.5 ml 70% formic acid
was added and the reaction mixture was kept at 65° for 1 hr as previously
described [27]. Then, 3.5 ml of scintillation fluid was added. The radioac-
tivity was measured with a 1414 WinSpectral Liquid Scintillation Counter.

Von Kossa staining

Monolayers in a 6-well plate (BD-Falcon, Franklin Lakes, NJ, USA) were
washed with PBS, fixed in 4% buffered formalin, and washed 3 with
deionized water. Then, 5% AgNO3 was added, and the plate was exposed
to daylight for 30 min. The stained monolayers were washed 3 with
deionized water, and fixed with 5% Na2S203 for 10 min. After the solution
was washed away, the samples were observed under transmitted light
microscope.

Apoptotic assays

Apoptotic staining of the cell monolayers was carried out with the Annexin-
V-FLUOS Staining Kit according to the instructions from the manufacturer

© 2008 The Authors
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(Roche Diagnostics Gmbh, Mannheim, Germany). This system uses fluo-
rescence labelled annexin type V protein, which binds to phosphatidylserine,
thus labelling both apoptotic and necrotic cells. The counter-stain, propid-
ium iodide, stains the nuclei of necrotic cells only. Images were acquired
with a Zeiss LSM 510 confocal microscope.

Statistics

Statistical analysis was performed with the help of the R package for sta-
tistical computing [29]. None of the data sets were normally distributed,
therefore the Kruskal-Wallis rank sum test was used to determine
between-group differences. If the difference was significant at a P < 0.05
level, then pairwise Wilcoxon rank sum test comparisons were calculated,
and the P-values were adjusted by Bonferroni’s method.

Results

Pravastatin had no effect on MSC differentiation based on the
markers used in this study. There was no significant difference
between pravastatin-treated cultures and non-induced controls
regarding DNA content, BMP-2 and ALP expression, ALP activity
or calcification. Therefore, in the following sections only the effect
of simvastatin and lovastatin is discussed.

Bea incorporation assay

The most important marker of fully differentiated osteoblasts is
their ability to mineralize their own extracellular matrix. We used a
radioactive assay to measure the effect of lova- and simvastatin,
on ca incorporation. Both showed an increase at high doses
compared with control (Fig. 1A). Calcification was induced by day
18, which was earlier than the dexa-treated group.

Based on these results, we chose to further investigate 5 wM
and 1 wM concentrations, with larger sample sizes. There was
no significant difference between treatment groups after 18 days
(P =0.07), although at 25 days a significant difference could be
observed (Fig. 1B). As expected, the dexa-treated group had a
higher activity than the non-induced control (P < 0.01). At1 pM
concentration, simva- and lovastatin samples showed a
lower calcification rate (P < 0.05). The median calcification
values of the 5 wM statin groups were higher than non-induced
control, but the level of significance was not reached with these
sample sizes.

BMP-2 expression

BMP-2 is a versatile growth factor, often associated with
osteoblast differentiation. Its expression was up-regulated by
statins at day 4 compared to non-induced control (Fig. 2). In
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Fig. 1 Ca-45 incorporation rates. (A) Dose-dependent increase of Ca-45
incorporation by statins at day 18. C, non-induced control; D, dexa; L,
lovastatin; S, simvastatin. The numbers next to letters represent concen-
trations in wM. 1 donor, the error bars show S.D. of triplicates (experi-
mental error). (B) Calcium incorporation rates relative to non-induced
control after 25 days, on a logarithmic scale (3-9 donors, triplicates). C,
non-induced control; D, dexa; L1, 1 wM lovastatin; L5, 5 wM lovastatin;
S$1, 1 wM simvastatin; S5, 5 wM simvastatin. The box contains 50% of
the data points. Outliers are noted by circles. *P < 0.05, **P < 0.01
compared with non-induced control.

contrast, dexa suppressed the expression of this gene, as has
been shown before [28]. Interestingly, BMP-2 expression was
increased in the non-induced control samples after 11 and 18 days
of culture compared to day 4.
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Fig. 2 BMP-2 expression. Relative amount of BMP-2 mRNA in different
treatment groups at three time-points (distinguished by greyscale shad-
ing). C, non-induced control; D, dexa; L1, 1 wM lovastatin; L5, 5 uM
lovastatin; S1, 1 wM simvastatin; S5, 5 wM simvastatin. Each bar repre-
sents a mean value of 2-6 experiments (n = 2-6). All values are relative
to day 4 non-induced control of the respective experiment, and are plot-
ted on a logarithmic scale. The error bars span 1 S.D.

Statins suppress ALP activity and expression

ALP activity is another well-known marker for osteoblastic differ-
entiation [30]. Its activity was inhibited by statins in a dose-
dependent manner (Fig. 3A).

When we further investigated 1 and 5 WM statins, we found a
significant suppression in all patients at both concentrations (Fig.
3B). Dexa is known to promote osteoblastic differentiation in vitro;
consequently, a marked increase in ALP activity was detected in
the cells treated with dexa.

The ALP gene expression levels were also measured within the
different groups (Fig. 3C). Dexa, as expected, increased ALP
mRNA level compared with non-induced control samples at day 4
in case of all donors. Statins, on the other hand, clearly sup-
pressed the ALP mRNA expression at each time-point in all donors
(with 1 exception out of 40 samples).

DNA content and cell viability

Lovastatin and simvastatin-treatment lowered DNA content in a
dose-dependant manner at day 18 (Fig. 4A). The initial, low cell
density and 10% serum in the medium permitted MSC prolifera-
tion, as confirmed by MTT assay (Fig. 4B). When the samples
were treated with 5 wM statins, the cell number only marginally
increased by day 4, followed by a significant drop from day 11 to
day 18. Lower statin concentration (1 wM) caused a slower
increase in cell number compared with non-induced control.

© 2008 The Authors
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Von Kossa staining

Both 5 M statins and dexamethasone caused mineral deposi-
tion, which was stained by von Kossa’s method after 25 days of
culture (Fig. 5). The staining appeared very similar on the large
scale, however, the microscopic morphology of these deposits
was different: in the dexamethasone-treated samples mineraliza-
tion was visible in the extracellular matrix and around the cells,
whereas the statins caused strong staining only along the cell
membranes.

Apoptotic staining

Statins at 5 wM clearly changed cell morphology already by day 4.
The type of cell death (apoptotic or necrotic) was determined by

© 2008 The Authors
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Fig. 3 Alkaline phosphatase. (A) Dose-dependent suppression of ALP
activity by statins at day 18. C, non-induced control; D, dexa; L, lovas-
tatin; S, simvastatin. The numbers next to letters represent concentra-
tions in wM. 1 donor, the error bars show S.D. of triplicates (experimen-
tal error). (B) ALP activity was measured with a para-nitrophenylphos-
phate assay at day 11. The amount of product was normalized to DNA,
and compared with the activity of the non-induced control. C, non-
induced control; D, dexa; L1, 1 wM lovastatin; L5, 5 wM lovastatin; S1,
1 wM simvastatin; S5, 5 uM simvastatin. The error bars represent =1
S.D. The data are triplicates from 1 to 6 donors (n = 1 in case of S1). *P
< 0.05 compared with non-induced control. (C) Relative amount of tis-
sue independent ALP mRNA in different treatment groups at three time-
points (distinguished by greyscale shading). C, non-induced control; D,
dexa; L1, 1 wM lovastatin; L5, 5 wM lovastatin; S1, 1 wM simvastatin;
S5, 5 uM simvastatin. Each bar represents a mean value of 2—6 experi-
ments (n = 2-6). All values are relative to day 4 non-induced control of
the respective experiment, and are plotted on a logarithmic scale. The
error bars span 1 S.D.

Annexin-V-propidium-iodide combined staining. Intense Annexin-V
staining was observed in 5 M statin samples at day 18 (Fig. 6). The
stained cells were large, round and the cell membranes were rough.

Discussion

In this study, we investigated the effect of three statins on primary
human MSCs. It has been suggested that statins may promote
osteoblastic differentiation of MSCs in mouse and human cell line
[15, 21]. These assumptions were mainly based on the increase in
the mRNA expression of BMP-2. This was also observed in our
experiments. However, other pronounced alterations, especially in
cell morphology, suggest to us that prolonged exposure to statins
might have a cytotoxic effect on most of the human MSCs.
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Fig. 4 Effect of statins on cell number. (A) Dose-dependent decrease in cell number at day 18. C, non-induced control; D, dexa; L, lovastatin; S, sim-
vastatin. The numbers next to letters represent concentrations in M. 1 donor, the error bars show S.D. of triplicates (experimental error). (B) Relative
metabolic activity determined by MTT assay at different time-points. All values are compared to day 0. The grey error bars represent standard deviation
of triplicate samples from 2 donors. ¥ P < 0.05 between day 11 and day 18 of the same treatment; 111 P < 0.001 between day 11 and day 18 of the

same treatment.

Pravastatin did not show any effect on the measured parame-
ters of MSC differentiation, whereas simvastatin and lovastatin
showed a clear long-term detrimental effect on cell viability.
A possible explanation is that lovastatin and simvastatin are
hydrophobic molecules; hence, they can passively penetrate the
cell membranes and affect the cell’s biochemistry in an unregu-
lated manner. On the contrary, pravastatin is water soluble, and it
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Fig. 5 Von Kossa staining. Different cal-
cification patterns in dexa (D) and 5 uM
simvastatin (S5)-treated hMSC cultures
(Von Kossa staining, phase contrast
images) after 25 days. The overview
images show the macroscopic appear-
ance of the von Kossa staining in the
24-well plates. In both treatment groups,
the left-hand wells were decalcified prior
to the staining as a negative control. The
microscope images demonstrate char-
acteristic morphological differences in
calcification. The exposure time was
36 ms at both micrographs. The contrast
and gamma were modified to the same
extent on both pictures in the ImageJ
image analysis program for better visi-
bility (original micrographs are available
upon request).

has to be actively transported into cells. For example, in hepato-
cytes the LST-1 anion transporter protein is involved in this
process [31] and its presence in human MSCs has not yet been
investigated.

Simvastatin and lovastatin effectively elevated BMP-2 expres-
sion, in agreement with the results from previous reports. However,
BMP-2 does not only promote osteoblast differentiation, but chon-

© 2008 The Authors
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Fig. 6 Apoptotic staining. Monolayers were stained with propidium iodide and fluorescein-labelled annexin V after 18 days of culture. Propidium (red)
stains the nuclei of necrotic cells only. Green stain labels both apoptotic and necrotic cells. Therefore, apoptotic cells are single-stained (green), and
necrotic cells are double-stained. Viable cells are not visible on these images. C, non-induced control; D, dexa; L1, 1 wM lovastatin; L5, 5 wM lovas-

tatin; S1, 1 wM simvastatin; S5, 5 WM simvastatin.

drogenic and neuronal differentiation as well [20]. ALP activity —
another important marker of osteoblast differentiation — was
significantly decreased. This inhibitory effect was also observed at
the ALP gene expression level throughout the whole culture
period. The extent of down-regulation was comparable to the

© 2008 The Authors

decrease of activity, so statins probably regulate ALP activity at the

transcription level.

These results are in contrast with the recent data of Baek et al.
[19]. In their study, the ALP activity was elevated during the first
6 days. Human MSCs were isolated with the same method in both
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studies, and the cells were cultured with 1 wM simvastatin.
However, there are differences, such as the composition of
medium during MSC attachment and expansion that may explain
the conflicting results. (Their expansion medium contained vita-
mins C and K, B-glycerophosphate and antibiotics, in addition to
higher serum concentration (20% versus 10%). The source of
statins (Merk versus Calbiochem) was also different.)

Furthermore, Baek et al. used osteocalcin as a differentiation
marker, which appeared within 12 days. It is unlikely that osteocal-
cin would appear after 12 days in the negative control cultures, as
it is expressed only by mature osteoblasts [32]. This suggests that
their MSC isolations contained mature osteoblasts, and this would
readily explain the different outcome.

Statins at 1 wM or lower concentration showed decreased Ca
incorporation compared with control samples by day 25. This can
be partially explained by the slight decrease in cell number as shown
by cell viability data at day 18; at day 25 it was not measured.

Benoit ef al. investigated the effect of 0.01 and 0.1 wM PEG-
released fluvastatin on human MSCs [18]. They reported that the
treatment had a short-term positive effect on calcium-content (4
times higher within 24 hrs). Although the total Ca content between
day 7 and 14 remained higher in the treatment group, all of this
increase was incorporated during the first 24 hrs. Indeed, between
day 7 and day 14 the difference in total Ca incorporated dimin-
ished (1.8 times compared with 4 times at 24 hrs), indicating that
the control group had a greater Ca incorporation between these
time-points. This implies that low concentration of statins exerted
a long-term inhibition on calcium deposition, which is in accor-
dance with our results.

Samples treated with 5 M statins equalled (or exceeded) the
ca incorporation rate of non-induced controls despite the
marked decrease in cell number and the inhibition of ALP activity.

Sugawara ef al. showed that enzymatic activity of the ALP
protein is necessary for mineralization of osteoblastic cells
in vitro [30]. Even though the calcification pattern appeared
similar macroscopically, there were marked differences at the
microscopic level. As the structure of the deposited calcium is
different in the dexa-induced control and the statin-treated sam-
ples, the observed mineralization may not be physiological.
In the statin-treated cultures the mineralization is localized
around the cell membranes, suggesting release of certain ions
from the cells, which can form a precipitate with the calcium
and/or phosphate present in the medium. Similar, cell death-
related ectopic mineralization was described by Zimmermann
etal. [33].

The considerable statin-induced changes in cell morphology
(rounding and enlargement) support this assumption, and indicate
similar cytoskeletal changes to the ones reported by Ghosh et al.
in cultured mesangial cells [2]. These changes include rounding,
loss of actin stress fibres and apoptosis. Simvastatin has also
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been shown to have a toxic effect on pancreatic adenocarcinoma
cells and mevastatin induced apoptosis in human peripheral blood
monocytes [34, 35].

Based on cell viability data and apoptotic staining images, we
wish to suggest that 5 wM simvastatin and lovastatin have a
cytotoxic effect on most human MSCs that peaked towards the
end of the culture period (18-25 days), causing ectopic mineral
deposition. Cell death may be caused by the exhaustion of the pool
of essential mevalonate-derived molecules (such as cholesterol)
in the cells, because addition of 100 wM mevalonolactone
restored the cell number and shape, and partially reversed the
suppression of ALP activity in two independent experiments (data
not shown). The enhanced annexin-V-binding at later time-points
is also explained by this theory, because cholesterol has an
important role in stabilizing cell membranes, which is lost by the
inhibition of HMG-CoA reductase, and results in exposure of phos-
phatidylserine.

Although the negative effect of 5 wM statins on MSCs was
evident, viable cells were still present even after 18 days. Because
the initial adherent MSCs are a heterogeneous population, it is
possible that there exists a subpopulation of cells, which is more
resistant to statins than the others.

A report by Lee ef al. supports our study from a different per-
spective: they observed neuroglial, but not osteoblastic differen-
tiation of human MSCs treated with high concentrations of fluvas-
tatin (50 and 2 wM) [20]. The indicative morphological changes
took place in the first few days of culture, and cell death was seen
after longer exposure, which is in agreement with our observa-
tions. Furthermore, Sonobe ef al. stated that statins did not
induce osteogenic differentiation of rat MSCs at a 0.01 M
concentration [22].

Conflicting opinions in the statin literature stem from the fact
that the effects may vary depending on species, the type of statins
used, and most importantly the applied concentration. We exam-
ined a range of concentrations and found that statins at 1 wM or
lower concentration decreased calcification rate compared with
non-induced control, together with decreased ALP activity. Below
1 wM statins did not exert any adverse effect on cell viability; the
apoptotic staining was negative. This is in concert with the anti-
apoptotic effect of lovastatin at low concentrations [36]. Higher
statin concentration (5 wM) caused higher calcification rate, but
this was coupled with —and most probably caused by — extensive
cell death. Hence, these compounds should be used cautiously at
high concentrations, although the toxic effect may be alleviated
in vivo. Statins may still increase bone mass through inhibition of
bone resorption, or increasing fully mature osteoblast’s activity
via BMP-2, but they are not able to differentiate human MSCs into
osteoblasts. Therefore, simvastatin and lovastatin are not suitable
for bone tissue engineering applications as osteogenic factors due
to their long-term toxic effect on MSCs.

© 2008 The Authors
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