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Effects of NSAIDs on pre-osteoblast viability
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Abstract. Non-steroidal anti-inflammatory drugs (NSAIDs)
are widely used in the treatment of a variety of musculoskeletal
conditions, injuries and after surgery for postoperative pain
management. Their use has been associated with impaired
bone healing, possibly due to a multifactorial function, which
may include inhibition of osteoblast recruitment and differen-
tiation. However, up to date, there is no consensus regarding
the impact of NSAIDs on bone-healing. The aim of the
current study was to investigate the effects of five NSAIDs
on the cellular functions of mouse MC3T3-El pre-osteoblasts.
Cells were treated with the non-selective COX inhibitors
lornoxicam and diclofenac, the COX-2 selective inhibitors
parecoxib, meloxicam and paracetamol, as well as steroidal
prednisolone at different doses and exposure times. The
PrestoBlue™ technique was used to measure cell viability,
an enzymatic assay was employed for alkaline phosphatase
(ALP) activity and alizarin red S mineral staining was used to
determine osteogenic differentiation. All drugs had a negative
impact on pre-osteoblast cell growth, with the exception of
paracetamol. Lornoxicam, diclofenac and meloxicam reduced
ALP activity, while the other NSAIDs had no effect and pred-
nisolone strongly increased ALP activity. In contrast, calcium
deposits were either unaffected or increased by NSAID treat-
ments but were significantly decreased by prednisolone. These
results provide evidence that NSAIDs may adversely affect
the viability of mouse pre-osteoblast cells but their actions
on the osteogenic differentiation are drug-specific. The direct
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comparison of the effects of different NSAIDs and predniso-
lone on pre-osteoblasts may serve to place some NSAIDs in
a preferential position for analgesic and anti-inflammatory
therapy during bone repair.

Introduction

Bone healing is a complex and long process which involves
the coordinated action of several cell types and a complex
cascade of mechanisms and signaling pathways (1,2). It can be
affected by various factors, such as the degree of the fracture
gap and comminution, soft tissue damage, age or nutrition
as well as the administration of several pharmacological
agents including steroids and antibiotics (3). Glucocorticoids
are used at extremely high doses for the treatment of acute
situations such as spinal cord injury or acute exacerbations
of life-threatening immune disorders (1,4). These drugs are
potent anti-inflammatory and immunosuppressive agents that
inhibit the expression of pro-inflammatory cytokines, adhe-
sion molecules, cyclooxygenases (COX) and the production of
prostaglandins (PGs) (4,5). Glucocorticoids also act directly
on bone cells and promote apoptosis of osteoblasts and osteo-
cytes leading to reduced bone formation and strength (6) or
steroid-induced osteoporosis after long treatment (7).
Non-steroidal anti-inflammatory drugs (NSAIDs) are also
widely used in the treatment of pain, including bone fracture
pain and orthopedic post-operative pain. Due to their anal-
gesic potency, anti-inflammatory properties and restricted
side effects as compared to opioids, there has been a tremen-
dous expansion in their use worldwide (3,8). NSAIDs exert
anti-inflammatory effects by inhibiting the synthesis of COX
enzymes that catalyze the production of PGs. PGs are lipid
mediators playing an important role in bone repair and were
reported to regulate inflammation, increase osteoblast prolif-
eration and differentiation and enhance osteoclast activity
and bone resorption (9). Even though the exact mechanism
of action of PGs on bone cells is not clear, inhibition of PG
production retards bone formation, whereas local administra-
tion of exogenous PGs can stimulate new bone formation on
injured bone (3). The effect of NSAIDs on osteoblast growth
has been attributed to the inhibition of PG synthesis. However,
the exact mechanism is still under debate. Some NSAIDs (e.g.,
celecoxib, diclofenac, piroxicam and indomethacin) suppress
proliferation of osteoblasts by cell cycle arrest in phase G0/Gl,
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which may then suppress tissue formation and regeneration in
bone remodeling (10,11). In addition, changes in the expression
of antigenic molecules such as CD80, CD86, and HLA-DR
following treatment with NSAIDs have been reported in the
MG-63 osteoblast-like cells (12,13), though not in osteoblasts
as reported in another publication investigating celecoxib (14).
NSAIDs have been reported to affect osteoblast differentia-
tion by altering alkaline phosphatase activity, type I collagen
and the calcium mineralization, but there is no consensus
in the scientific publications that leads to a general mode of
action for the different NSAIDs (11). The use of NSAIDs
in the clinical setting of orthopedic surgery has long been a
topic of controversy (15-17). Reports from animal studies and
in vitro experiments have shown that NSAIDs delayed fracture
healing, caused non-union, and decreased the mineral content
and matrix of the callus (18-21), whereas others studies failed
to prove any inhibitory effect (14,22,23).

NSAIDs exhibit differences in COX isoenzyme inhibition
and are classified as ‘conventional or non-selective’ acting as
both COX-1 and COX-2 inhibitors, or ‘coxibs’ acting only as
COX-2 inhibitors (24). A disputable issue is the superiority
of coxibs over non-selective COX inhibitors regarding bone
metabolism and fracture repair (25). While some authors
claimed that selective COX-2 inhibitors delayed fracture
healing less than non-selective COX inhibitors (19), others
point out that NSAID types compromise fracture healing
and should therefore be used with caution in the clinics (26).
The controversy among different studies, potentially deriving
from the diversity of the experimental studies, denotes that the
effects of NSAIDs on bone remain unclear. Hence, their use in
fracture patients has been suggested to be cautious (9,27) and
further evidence of potential effects on bone cells and their
precursors is imperative (8,28).

Here we investigated the effects of five different
COX-inhibitor NSAIDs, on the viability and osteogenic
differentiation of pre-osteoblasts using the MC3T3-El
mouse calvarial cell line. MC3T3-El1 cells were treated with
the selective COX-2 inhibitors parecoxib and meloxicam,
the non-selective NSAIDs lornoxicam and diclofenac, and
paracetamol, a non-typical NSAID with selectivity over
COX-2 (29). The widely used steroidal drug, prednisolone,
was used as a means of comparison (4). Cell viability was
measured based on the redox potential of living cells, with
the PrestoBlue™ assay. The osteogenic differentiation was
assessed with the alkaline phosphatase (ALP) activity assay
and quantification of calcium deposits by means of alizarin
Red S (ARS) staining.

Materials and methods

Materials and NSAIDs. Minimum essential Eagle's medium
(a-MEM), ascorbic acid, f-glycerophosphate, penicillin/
streptomycin, fetal bovine serum (FBS), trypsin/EDTA,
ARS, cetylpyridinium chloride (CPC) and p-nitrophenyl
phosphate were purchased from Sigma-Aldrich; Merck KGaA.
PrestoBlue™ reagent was purchased from Invitrogen; Thermo
Fisher Scientific, Inc. Lornoxicam and prednisolone were
purchased from Nycomed; parecoxib from Pfizer; meloxicam
from Boehringer-Ingelheim; diclofenac sodium from Novartis;
and paracetamol from Uni-Pharma.

Cell culture and NSAID concentrations. The MC3T3-El
pre-osteoblasts are a non-transformed cell line derived from
newborn mouse calvaria which can differentiate to osteo-
blasts (30). MC3T3-El cells were obtained from DSMZ
GmbH (DSMZ no. ACC 210). Cells were grown in a-MEM
medium supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin and subcultured once a week
using trypsin/EDTA. Cultures were maintained at 37°C in
a humidified atmosphere of 5% CO, in air. Cells between
passages 6 and 15 were used for all the experiments.

Concentrations of NSAIDs in cell studies usually range
between 1-100 uM (10°*-10-® M), but higher or lower doses
have also been reported. In this study, the concentrations were
selected based on previous in vitro studies (9,22), and are
consistent with the most therapeutically relevant concentra-
tions of NSAIDs (10”° M for non-selective NSAIDs and 10° M
for COX-2 inhibitors according to literature (10,13).

Cell viability measurement. Cell viability was assessed using
the PrestoBlue™ assay (Invitrogen; Thermo Fisher Scientific,
Inc.). The assay is based on the cellular reduction of a resa-
zurin-based, non-toxic metabolic indicator to a red product,
which can be detected using absorbance measurements and
provides a measure of cell viability. MC3T3-El pre-osteoblasts
were seeded in 96-well plates (5,000 cells/well) in culture
medium (a-MEM containing 10% FBS) and cellular adhe-
sion was allowed to take place without the influence of drugs.
After 24 h, culture media were replaced with drug-containing
media or drug-free media (control samples) and changed
every 2-3 days. Cells were treated with drugs for a total of
15 days and cell growth was monitored at 5, 10 and 15 days.
At each time point, Presto Blue reagent was directly added to
the wells (1:10) and incubated at 37°C for 30 min. Absorbance
was measured using a spectrophotometer (SpectraMax M2,
Molecular Devices Inc.) at 570 and 600 nm. Culture medium
was used as blank and results were expressed as % cell
viability of control (non-treated) cultures (100%). The same
cell cultures were used for sequential cell viability measure-
ments at different time points. After each measurement
supernatants were replaced with fresh culture medium with or
without NSAIDs and the plates were returned to the incubator
for further incubation.

Measurement of ALP activity. Measurement of increased ALP
expression eitherenzymatically, histochemically oratthe mRNA
level is considered as an early marker and reliable indication of
the osteoblastic phenotype as well as a good predictor of tissue
mineralization (31). MC3T3-El cells were plated in 96-well
plates at a density of 5x10* cells/well. On day 1, culture medium
was replaced by osteogenic medium (culture medium supple-
mented with 10 mM sodium glycerophosphate and 50 ug/ml
ascorbic acid) and cells were treated with drugs (10° M) for 4
or 7 days. ALP activity was assayed using an enzymatic activity
assay during the first week of differentiation. Briefly, cells were
rinsed with phosphate buffered saline (PBS, pH 7.4), lysed
with 100 ul lysis buffer (0.1% Triton X-100, 50 mM Tris-HCI,
50 mM phenylmethylsulfonyl fluoride (PMSF), pH 10) and
frozen at -60°C. After thawing, 100 pl of freshly prepared assay
buffer [2 mg/ml p-nitrophenyl-phosphate (pNPP) substrate in
50 mM Tris-HCI, pH 10 and 2 mM MgCl,], was added to each
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Figure 1. Anti-inflammatory drug effects on the cell viability of MC3T3-E1 growing cultures after 5, 10 and 15 days of treatment at concentrations of (A) 10°
and (B) 10° M. At each time point data are expressed as % cell viability based on control cultures (100%, shown as a dotted line) without drug treatment. Each
bar represents the mean + SEM of triplicate samples from three independent experiments (n=9). "P<0.01 vs. control; “P<0.05 vs. control.
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Figure 2. The effect of NSAIDs on ALP activity of differentiating MC3T3-E1
cells. Cells were grown in osteogenic medium for 21 days, in the presence
of NSAIDs (10°° M) or prednisolone (10® M) or in the absence of drugs
(control). ALP activity is shown as enzyme units normalized to cell number.
Each bar represents the mean + SEM of triplicate samples from three inde-
pendent experiments (n=9). ‘P<0.01 vs. control; "P<0.05 vs. control. NSAIDs,
non-steroidal anti-inflammatory drugs; ALP, alkaline phosphatase.

well and the plate was incubated at 37°C for 30 min. The reac-
tion was stopped with the addition of 50 1l 1N NaOH. The
optical density (OD) of p-nitrophenol (pNP) at 405 nm was
measured and was correlated to equivalent amounts of pNP
generated, using a calibration curve constructed of known
concentrations of pNP. ALP activity was calculated using the
equation [units/ul=(nmol p-nitrophenol/hour) x dilution factor]
and expressed as U/ul. ALP activity was normalized to cell
number. For this purpose, the cell number in each well was
determined with the PrestoBlue™ viability assay immediately
prior to the ALP activity assay, using a calibration curve of
absorbance units vs. known numbers of cells (32).

ARS staining of calcium deposits. Calcium-rich deposits repre-
senting the final stage of mineralization were assessed in cultures
undergoing differentiation for 3 weeks (33). The deposits were
visualized by ARS staining of cell monolayers and quantified
by dye extraction (34). Initially, MC3T3-EI cells were plated
in 24-well plates at a density of 10%/well. On day 1, the culture
medium was replaced by osteogenic medium (as described in
section 2.3) and cells were treated with NSAIDs (10° M) or pred-
nisolone (10°M) for 21 days. Cells were washed with PBS and
fixed with 300 p1 4% (v/v) paraformaldehyde (Sigma-Aldrich) for
20 min at room temperature. Then, they were washed three times
with excess dH,O prior to staining with 300 ul/well of 2% (w/v)
ARS (pH 4.1) for 30 min. Excess dye was aspirated and the cells
were washed four times with 500 1 dH,O. Stained monolayers
were visualized by optical microscopy. For staining quantifica-
tion, 300 pl 10% (w/v) cetylpyridinium chloride (CPC) in 10 mM
sodium phosphate (pH 7.0) was added to the wells for 1 h under
mild shaking. Aliquots (200 ul) of the extract were transferred
to a 96-well plate and read in duplicates at 550 nm. Data were
expressed as units of alizarin released (1 unit is equivalent to 1
absorbance unit at 550 nm).

Statistical analysis. Statistical analysis was performed with
ANOVA (GraphPad Prism 8.0.2 software; GraphPad Software,
Inc.) followed by Bonferroni's post-hoc test for multiple compari-
sons. One-way ANOVA with Bonferroni's post-hoc test was used
with ARS experimental data, whereas two-way ANOVA with
Bonferroni's post-hoc test was applied for analysis of the alkaline
phosphatase activity and cell viability data. P<0.05 was consid-
ered to indicate a statistically significant difference. Results are
expressed as mean values + standard error to the mean (SEM).

Results

Effects of anti-inflammatory drugs on the cell viability.
First, we asked whether NSAIDs affect the cell growth of
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Figure 3. NSAID effects on calcium deposition in differentiating MC3T3-E1 cells. Cells were grown in osteogenic medium for 21 days, in the presence of
NSAIDs (10" M) or prednisolone (10°° M) or in the absence of drugs (control). Each bar represents the mean + SEM of triplicate samples from two independent
experiments (n=6). "P<0.01 vs. control; “P<0.05 vs. control. NSAIDs, non-steroidal anti-inflammatory drugs.
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Figure 4. Images of calcium deposition in differentiating MC3T3-El cells. Cells were grown in osteogenic medium for 21 days, in the presence of NSAIDs
(10°° M) or prednisolone (10 M) or in the absence of drugs (control). Optical microscopy images depict cells after Alizarin Red S staining, where calcium
deposition can be observed within the cell matrix (arrow). NSAIDs, non-steroidal anti-inflammatory drugs.

MC3T3-El cells. To this end we treated MC3T3-El cells with
NSAIDs at 10°M and 10°M and assessed cell viability after
5,10 and 15 days of treatment. Regardless of concentration, all
NSAIDs significantly decreased the cell viability compared
to untreated cells, with the exception of paracetamol at 10° M

(Fig. 1).

NSAIDs alter ALP activity. Next, we examined the effect
of NSAIDs on the osteogenic capacity of MC3T3-E1 cells.
We first tested their effect on ALP activity under osteogenic
culture conditions. With time, ALP activity increased in cells

cultured under osteogenic conditions (control). Addition of the
non-selective COX inhibitors lornoxicam and diclofenac as
well as the selective COX-2 inhibitor meloxicam during differ-
entiation, reduced ALP activity. Parecoxib and paracetamol
did not affect ALP activity. In stark contrast, treatment of cells
with prednisolone strongly increased ALP activity (Fig. 2).

NSAIDs alter calcium deposition. Along the same line, we
examined how calcium deposition is altered by NSAIDs in
pre-osteoblasts. Therefore, we cultured MC3T3-El cells for
21 days in the presence or absence of drugs and performed
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Table I. Summary of the effect of NSAIDs (10° M) and
prednisolone (10°°M) in MC3T3-E1 cells.

Calcium
Drug treatment Cell ALP activity Deposits
(10°° M) viability (Day 7) (Day 21)
Lornoxicam Decreased Decreased Increased
Parecoxib Decreased No change Increased
Meloxicam Decreased Decreased Increased
Diclofenac Decreased Decreased Increased
Paracetamol No change No change Increased
Prednisolone Decreased Increased Decreased
(steroid)

NSAIDs, non-steroidal anti-inflammatory drugs; ALP, alkaline phos-
phatase.

ARS staining. Extraction and quantitative analysis of the
deposits revealed that all NSAIDs increased calcium deposition
(Figs. 3 and 4) in contrast to prednisolone, which significantly
reduced the amount of calcium in the extracellular matrix. Table I
summarizes the results on the effects of the tested NSAIDs on
cell viability and osteogenic differentiation potential.

Discussion

In the current study, we investigated the in vitro effects of
various non-selective or selective COX-2 inhibitor NSAIDs
as well as prednisolone on the viability and osteogenic differ-
entiation of osteoblast precursor cells. Currently, there is little
evidence on the effects of NSAIDs specifically on MC3T3-El
cells. To our knowledge, our study is the first to simultane-
ously investigate five different NSAIDs for their effects on this
cell line. Regarding cellular viability, we found the effects of
NSAIDs on mouse pre-osteoblasts to be dose and in certain
conditions (meloxicam and paracetamol at 10 M), time depen-
dent. All NSAIDs suppressed the proliferation of MC3T3-El
cells at the concentrations tested, except paracetamol at 106 M,
which had no effect. The dose-dependent effect was more
evident for lornoxicam, diclofenac and meloxicam. Our find-
ings are in agreement with previous studies which showed
that both non-selective and selective COX-2 inhibitor NSAIDs
inhibited the growth of osteoblasts: The cell number of
cultured human osteoblasts was reported to decrease following
treatment with indomethacin for 5 days (35) and in another
study, MC3T3-E1 cells treated with indomethacin (0.1 M)
and celecoxib (1.5, 3.0, and 9.0 uM) displayed slower growth
than the control group (36). Both studies reported that when
more than one drug concentrations were tested, the inhibitory
effect was dose-dependent. However, our group has previously
demonstrated that at 10°° M, NSAIDs enhanced the viability of
human adipose derived stem cells (hADSC). At 10° M, only the
non-selective COX-2 inhibitors displayed cell growth-suppres-
sive effects on hADSC (22). Our current study suggests that
the specific effects of NSAIDs greatly depend on the cell type
and species, in addition to dose and time of treatment and in

agreement with other reports (37,38). Secondly, regarding the
effects on osteogenic differentiation, we found that NSAIDs do
not alter the ALP activity of mouse MC3T3-El cells, with the
exception of lornoxicam, meloxicam and diclofenac (10 M),
which reduce ALP activity only after 7 days of treatment.
Our results also show, that the mineralization ability of mouse
pre-osteoblasts determined as calcium deposits, is enhanced by
all NSAIDs at 10 M. For lornoxicam, meloxicam and diclof-
enac, this finding does not correlate well to the small inhibitory
effect exerted on ALP activity (Fig. 2), as an increase in both
ALP and calcium deposits are considered markers of osteo-
genic differentiation. However, previous studies on different
cell types demonstrated that calcium deposition or ALP may
not be influenced by NSAIDs (10,35,39). For example, diclof-
enac was reported to have no effect on the mineralization of
mouse BMSCs and human MSCs (10,39). We have previously
reported, that meloxicam and paracetamol enhanced the
mineralization of hADSC, while lornoxicam, diclofenac and
parecoxib, had no effect (22).

Paracetamol was also investigated in this study; it is
not a typical NSAID, but it appears to inhibit COX-2 to a
degree similar to that of selective COX2 inhibitors and other
NSAIDs (40). However, the underlying mechanism is believed
to be more complex with several factors involved, including
inhibition of PG synthesis, induction of apoptosis by different
pathways and cell cycle arrest (41,42). In this study, we did
not observe any significant reduction in the proliferation
capacity (except for 10°M and 15-day treatment) or osteo-
genic maturation of the paracetamol-treated MC3T3-El cells
at 10°M. A previous study has reported inhibition of ALP
activity of MC3T3-El but a higher doses of paracetamol
(33-330 M) (43).

The effect of prednisolone on MC3T3-El cells was found
to differ from that of NSAIDs in this study: The steroid drug
had a comparable effect to that of NSAIDs' on the viability
of growing cultures of MC3T3 pre-osteoblasts, but markedly
increased the ALP activity in confluent cultures undergoing
osteogenic differentiation. Simultaneously, prednisolone
reduced calcium deposition. We found that prednisolone
(10°°M) induced a stimulatory effect on the ALP activity of
MC3T3-El cells when normalized to live cells. Notably, over
the course of the experiments in osteogenic media, we observed
that prednisolone (10-°M) dramatically reduced the viability
of confluent differentiating cells (to about 50% as compared to
the control group-data not shown). This suggests that prednis-
olone may initiate apoptosis of confluent osteoblast cultures,
leading to fewer osteoblasts in the culture. In fact, the negative
effects of corticosteroids on bone physiology are well estab-
lished and corticosteroid treatment is accepted as a cause of
drug-induced (secondary) osteoporosis (44). Previous studies
have shown that glucocorticoids act directly on osteoblasts and
osteocytes and induce apoptosis, but are also essential in the
regulation of osteoblast differentiation (45). However, reported
data have shown different or even contradictive outcomes on
whether glucocorticoids inhibit or increase biological activity
of skeletal cells, including osteoblasts, osteoclasts, osteocytes
and their precursors. Their activities on osteoblasts depend
on concentration, different developing stages of osteoblasts
or osteoblast precursors, different species and kinds of
glucocorticoids (46).
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Future studies concerning changes in the osteogenic
marker gene expression as well as the antigenic profile of
the pre-osteoblastic cells will provide more insight into the
mechanism of the action of NSAIDs on these cells. Some gene
expression studies have already been conducted on human
osteoblasts and the osteosarcoma osteoblast-like cell line
MG63 (42). Regarding MC3T3-El, Nagano et al found that
celecoxib inhibited the mRNA expression of both Runx2 and
Alp (47). While further investigation is needed, we currently
have preliminary data (Data S1) to suggest that none of the
NSAIDs investigated in this study inhibits the gene expression
of either Runx2 or Bsp genes (Fig. S1).

In conclusion, the present in vitro study examined
the interference of NSAIDs and prednisolone with the
proliferation and the osteogenic differentiation of mouse
pre-osteoblasts, a process that directly affects osteoblast
physiology and ultimately bone healing. Through the
present study as well as our previous study on ADMSCs,
we have shown that NSAIDs can modulate the behaviour
of osteoblasts but not all NSAIDs share specific effects, in
agreement with previous reports (11). Certainly, predniso-
lone, a synthetic glucocorticoid appears as the outlier in the
osteogenic differentiation experiments we performed. Its
behaviour does not correlate well to that of the NSAID
group nor does its structure as a steroid lipid molecule
belonging to the class of organic compounds known as
21-hydroxysteroids. It has been reported that high gluco-
corticoid levels therapies impair bone growth leading to
glucocorticoid-induced osteoporosis (48). Elucidating
structure-activity relationships for NSAIDs requires data
sets that provide experimental measurements of activity for
a group of chemicals defined by some selection criteria in
terms of structure. A statistical analysis method can then
be applied to relate structure to activity. A recent review
study on quantitative structure activity relationships
(QSAR) of NSAIDs has identified a link between functional
groups which enhance the lipophilicity and an increase in
the anti-inflammatory activity of the drugs (49). Structural
characteristics of the NSAIDs have been reported to govern
anti-inflammatory activity, including steric factors, physi-
cochemical parameters expressing the overall volume/size
of the molecules, molar refractivity, the role of heteroatoms
such as nitrogen or sulfur in the heteroatomic system
bearing one or two phenyl rings and at least one carbonyl
group, and finally electronic parameters, indicative of
dipole-dipole or charge-dipole interactions, charge-transfer
phenomena and hydrogen bond formation (50). It would be
certainly helpful to explore derivatives with a wider spread
in substituents to study the effect of these physicochemical
structural features. Overall, it can be stated that there is a
similarity in terms of the requirement for hydrophobicity
and size of the molecules for both COX-1 and COX-2 recep-
tors (50). In the same direction, data sets from our study
as well as similar studies on NSAIDs are important for
modelling NSAID structure-activity relations in relation to
their effects on osteogenic response and cell proliferation.
Even though concrete conclusions on structure-activity
cannot be drawn from a single study, these data may be
useful in future QSAR studies of NSAIDs (49,50). Given
the potential clinical implications, our findings are also

expected to be beneficial to further investigation through
in vivo studies.
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