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ABSTRACT
Amino-bisphosphonates (N-BPs) are widely used to treat a great variety of clinical conditions involving altered
calcium metabolism, as well as to prevent bone metastases. The use of N-BPs, however, display well-known side
effects, including cellular toxicity, mainly at soft tissue and mucosal level, that arise from N-BPs ability to induce
cell apoptosis when administered at clinically relevant concentrations. The aim of this study was to evaluate, in an
in vitro wound healing model, the effect of N-BPs low concentration (10 nM–10 μM) stimulation on keratinocyte
cellular behaviour. Human keratinocytes were treated with neridronate and zoledronate, two N-BPs with different
chemical structure and clinical potency, but sharing a common pharmacological target: farnesyl pyrophosphate (FPP)
synthase. Surprisingly, at the tested concentrations, both drugs stimulated keratinocytes proliferation, upregulating
cytokeratin 5 while downregulating filaggrin expression, and wound healing ability, without any significant effect
on matrix metalloproteinase (MMP)-9 activity. The lack of N-BPs effect on MMP-9 activity indicates that wound
closure, in our experimental model, is mainly due to an increase in cell proliferation rather than to an increase in
cell migration. Therefore, it can be hypothesised that the observed wound healing results could be ascribed to an
N-BPs mediated reduction of FPP endogenous levels, thus suggesting new possible clinical applications for these
compounds.
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INTRODUCTION
Bisphosphonates (BPs) are synthetic com-
pounds used in the clinical practice since the
end of the 1960s for the treatment of various
diseases of bone, tooth and calcium metabolism
thanks to their high affinity for bone and anti-
resorptive activity (1–3). In particular, starting
from 1970s, these compounds entered in the
oncological clinical practice for the treatment
and prevention of skeletal complications of
multiple myeloma or bone metastases arising
from different types of cancer (4).

The chemical structure of BPs is charac-
terised by the presence of a P-C-P structure
allowing them to bind divalent ions, such as
Ca++ (4,5). The P-C-P structure can undergo a

Key Points

• bisphosphonates (BPs) are
widely used drugs for the treat-
ment of osteoporosis and bone
metastases.

• BPs activity depends on R1 and
R2 side chains substituents.

• nitrogen substituents in R2
increase drug anti-resorptive
activity.

• nitrogen-containing BPs (N-
BPs) inhibit farnesyl pyrophos-
phate (FPP) synthase and intra-
cellular protein traffic.

• BPs side effects towards soft
tissues have been reported.
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keratinocytes proliferation and
migration.

• in this study low concentrations
of N-BPs have been used in an
in vitro wound healing model.

• low doses of N-BPs increase
human keratinocytes prolifera-
tion.

• low doses of N-BPs stimulate in
vitro wound healing.

• the observed effects could be
related to a direct effect on the
FPP production.

great number of modifications, by changing the
two lateral chains on the carbon atom (conven-
tionally identified as R1 and R2), resulting in
extensive alterations in their physicochemical,
biological, therapeutic and toxicological char-
acteristics (1,2). In particular, R1 substituents
modulate BPs Ca++ chelating ability, while R2
substituents are mainly involved in mediat-
ing their anti-resorptive effects. The presence
of nitrogen substituents at critical positions
in R2 side chain is essential in determining
drug potency, as nitrogen-containing BPs are
up to 100-fold more potent than non amino-
containing compounds. (4,6). Moreover, BPs’
high chemical stability accounts for the inabil-
ity of the human body to metabolise them,
finally resulting in their rapid clearance from
the circulation (half-life in the range of hours)
and unaltered excretion (4,5,7).

BPs mechanisms of action are complex, and
their relative potency varies between the differ-
ent compounds, according to the R1 and R2 side
chain nature. On the basis of their mechanism
of action, BPs can be classified into two distinct
groups: non nitrogen-containing compounds
(non N-BPs), most closely resembling inorganic
pyrophosphate (PPi), and nitrogen-containing
compounds (N-BPs), that interfere with protein
prenylation and finally affect the intracellular
trafficking of regulatory proteins. In particular,
non N-BPs are incorporated into ATP con-
taining compounds, forming non hydrolysable
toxic analogues, thus resulting in energy star-
vation and consequent cell death (6–9). On
the other hand, N-BPs inhibit the farne-
syl pyrophosphate (FPP) synthase, leading
to a decrease in the formation of isoprenoid
lipids and finally to a reduction in protein

prenylation, a post-translational covalent mod-
ification playing a key role in the intracellular
trafficking of regulatory proteins, resulting
in cellular microarchitecture loss and osteo-
clast apoptosis. N-BPs mechanism of action
determines a slower rate of bone turnover
and an altered bone remodelling. Interestingly,
whereas FPP synthase is ubiquitous in mam-
malian cells, N-BPs seem to induce apoptosis
in osteoclasts as a direct consequence of their
strong affinity for bone matrix and their local
accumulation (6–9).

In addition to their well-known anti-
resorptive effects, BPs have also been shown
to have anti-angiogenic, anti-proliferative and
immunological activities (10) along with anti-
cancer activities as suggested also by direct
BPs apoptotic effects on different tumour cell
lines (3,11,12).

Therapy with BPs shows well-known side
effects, classified into four main groups: acute
phase reactions, gastrointestinal effects, renal
side effects and BPs-associated osteonecrosis of
the jaws (ONJ) (13).

Although BPs main target is bone and they
are only briefly present in serum, their toxicity
towards soft tissues, resulting in gastric erosion
and both oral and gastric mucosa ulcers, is
a well-known and documented side effect
associated with oral administration of N-BPs.

The mechanism underlying N-BPs-induced
gastric damage is not clearly understood, even
if experimental observations indicate that BPs
exert gastric damage by acting as topical irri-
tants on the gastric mucosa. In vivo studies
with rats showed that BPs-induced gastroin-
testinal irritation is not due to their ability to
chelate divalent ions such as Ca++, and also
that the presence of acid in the stomach is not a
predominant mechanism of BP-induced dam-
age (14). Lichtenberger et al. hypothesised that
BPs might cause topical injury of the upper
gastrointestinal tract mucosa by attenuating
the tissues hydrophobic barrier to luminal
acid (15). As BPs anti-resorptive potency is
related to the nature of the side chain attached
to the germinal carbon of the P-C-P back-
bone, a similar rank order potency has been
described for gastrointestinal effects, suggest-
ing that these side effects could be mecha-
nism based. Moreover, the conclusion that the
observed gastrointestinal injury might be due
to topical irritation is supported by the clinical
observation that such damages are uncommon
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in patients undergoing intravenous BPs admin-
istration (16–18).

It has been hypothesised that BPs treatment-
induced an early apoptosis of oral ker-
atinocytes, resulting in a damage of the mouth
immune barrier and subsequent bacterial sec-
ondary colonisation of the injured tissue. This
condition might involve a local decrease in
pH values, allowing an increased BPs release
from bones finally resulting in oral epithelium
toxicity (7).

BPs cytotoxic effect on epithelial cells of
different origin, such as that from the oral
mucosa, has not been investigated in detail
yet (16) even if Pabst et al. (13) observed that in
a commercial human oral keratinocyte (HOK)
cell line, N-BPs strongly reduced cell viability
and induce cell apoptosis starting from a drug
concentration of 50 μmol/l.

The aim of this study was to evaluate the
effects of low concentrations (10 nM–10 μM)
of two different N-BPs [neridronate (Ner)
and zoledronate (Zol), Figure 1] on human
keratinocytes proliferation and migration in
an in vitro wound healing model.

MATERIALS AND METHODS
Cell culture
Spontaneously immortalised keratinocytes
(HaCaT), isolated from human adult skin (19),
were a kind gift of Dr M De Andrea from
the Microbiology Laboratory, University of
Eastern Piedmont ‘‘A. Avogadro’’. Cells were
grown in culture flask (75 cm2) in Dulbecco’s
modified Eagle’s medium (DMEM) medium
(Euroclone, Milan, Italy) supplemented with
10% heat inactivated foetal bovine serum (FBS)
(Euroclone, Milan, Italy), penicillin (100 U/ml),
streptomycin (100 mg/ml) and L-glutamine
(2 mM) (Euroclone, Milan, Italy) in a humidi-
fied atmosphere containing 5% CO2 at 37◦C.

Figure 1. Schematic structure of the two tested N-BPs,
neridronate (Ner) and zoledronate (Zol).

Bisphosphonate treatment
HaCaT cells were treated with commer-
cial bisphosphonate solutions for clinical use
[Aclasta (Novartis Pharma GmbH, Nürnberg,
Germany) for zoledronic acid (Zol) and Ner-
ixia (Abiogen Pharma S.p.A., Ospedaletto,
Italy) for neridronic acid (Ner)]. All the aque-
ous solutions for intravenous administration
were diluted to the tested concentrations
(10 nM–10 μM) in DMEM without FBS just
before cell treatments. Control samples (Cnt)
were left untreated and incubated in complete
DMEM medium. For all the experiments, cells
were incubated with the BPs of interest for
48 hours (HaCaT duplication time).

Cell proliferation
Aliquots of 5 × 104 cells were seeded in cell
culture multi-wells and allowed to adhere
overnight. Inadherent cells were removed by
gentle wash with phosphate buffer solution
(PBS, pH = 7·4), and drugs were added in
fresh medium, while fresh medium without
drugs was added to Cnt. After 48 hours of
incubation, cell proliferation was quantified
using both a fluorimetric method based on the
quantification of resazurin reduction by viable
cells (Tox-8, Sigma Aldrich, Milwaukee, WI)
and cell counting. Briefly, 25 μl of dye was
dissolved in 0·5 ml of complete cell growth
medium, and after 4 hours the optical den-
sity was measured at 620 nm. Cell proliferation
was expressed as optical density (OD) varia-
tion ± standard deviation (SD). At the end of
the experiment, both control and treated sam-
ples were fixed using 3·7% formaldehyde, 3%
sucrose solution in PBS at 4◦C and then stained
with a 1% toluidine blue solution. Stained sam-
ples were observed using a reverse optical
microscope (Leica DMIL, Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany) to evalu-
ate cell density. Cells were counted, and results
were expressed as cells/mm2 ± SD.

Reverse transcriptase polymerase chain
reaction
Total cellular RNA was extracted after 48 hours
treatment using Qiagen RNeasy MiniKit
(Qiagen, Hilden, Germany) following man-
ufacturer’s protocol. Complementary DNA
(cDNA) were prepared from total RNA using
the ImProm-II Reverse Transcription System
(Promega, Madison, WI) and 0·5 μg oligo(dT)15
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primers in a final volume of 20 μl. Briefly, the
RNA-primers mixture was heated at 70◦C for
5 minutes and then MgCl2, reaction buffer,
dNTPs mix, ribonuclease inhibitor and reverse
transcriptase (RT) enzyme were added accord-
ing to the manufacturer’s protocol. The reaction
mixture was equilibrated at 25◦C for 5 min-
utes and then incubated at 42◦C for 1 hour. RT
was finally thermally inactivated by incubation
at 70◦C for 15 minutes. The resulting cDNA
was amplified by polymerase chain reaction
(PCR) using synthetic oligonucleotide primers
specific for human Filaggrin (Fil), cytoker-
atin 5 (K5) and β-actin, designed using the
primer-blast tool software from NCBI. For-
ward and reverse primer sequences and the
expected size of PCR products are indicated in
Table 1. Reaction products were separated onto
1·8% Tris-borate-EDTA (TBE)-agarose gel and
stained with ethidium bromide. DNA molecu-
lar weight marker (Sigma Aldrich, Milwaukee,
WI) was used as a size marker. Stained gels
were acquired in digital format, and gene
expression has been evaluated by means of
densitometric analysis using ImageJ software.

In vitro scratch assay
Cell migration has been evaluated by in
vitro scratch assay (20). HaCaT cells were
seeded in 0·38 cm2 culture wells and grown
in complete DMEM medium to reach a
confluent monolayer. Cell monolayers were
then mechanically scratched with a yellow
tip (diameter = 2 mm), and cell debris were
removed by gentle wash with fresh medium.
Some Cnt were immediately fixed using 3·7%
formaldehyde, 3% sucrose solution in PBS to
fix the initial scratch width, while the other
samples were treated with BPs or left untreated
and incubated at 37◦C in a humidified
atmosphere containing 5% CO2 for 48 hours.

At the end of the experiment, both control
and treated samples were fixed using 3·7%

formaldehyde, 3% sucrose solution in PBS at
4◦C and then stained with a 1% toluidine blue
solution. Stained samples were then observed
using a reverse optical microscope (Leica
DMIL, Leica Microsystems Wetzlar GmbH,
Wetzlar, Germany) to evaluate wound closure.
In vitro wound healing response was evalu-
ated by determining the percentage of wound
closure, considering the values referred to time
zero as 0%. Wound width has been measured
using Leica QWin software (Leica Microsys-
tems Imaging Solutions Ltd, Cambridge, UK),
and wound closure has been expressed as mean
± SD values.

Gelatine zymography
To detect matrix metalloproteinases (MMP)-2
and MMP-9 activities, conditioned media from
HaCaT grown for 48 hours in presence or
absence of drugs were separated by elec-
trophoresis on sodium dodecyl sulphate (SDS)-
polyacrylamide gels containing 0·2% gelatine.
Samples were loaded onto zymograms without
denaturation. After running, gels were washed
at room temperature for 2 hours in 2·5% Triton
X-100 solution and incubated overnight at 37◦C
in 0·5 M Tris–HCl, 0·2 M NaCl, 5 mM CaCl2,
1 mM ZnCl2 buffer. Gels were then fixed in
MeOH/acetic acid (50:10) solution and stained
in 0·5% Coomassie Blue in MeOH/acetic acid
(40:10) solution. Images of stained gels were
acquired after appropriate destaining. Gelati-
nolytic activity was detected as white bands
on a dark blue background and quantified by
densitometric analysis using ImageJ software.

Statistical analysis
Unpaired Student’s t-tests were performed for
statistical analysis. Probability values of P <

0·05 were considered statistically significant.
Data were expressed as mean ± SD values.

Table 1 Primer sequences used for reverse transcriptase polymerase chain reaction (RT-PCR) analysis and expected size of the
resulting RT-PCR amplification products

Gene Primers Product size (bp)

K5 Forward 5′-CAC CAA GAC TGT GAG GCA GA-3′ 274
Reverse 5′-CAT CCA TCA GTG CAT CAA CC-3′

Filaggrin Forward 5′-TGA TGC AGT CTC CCT CTG TG-3′ 338
Reverse 5′-TGT TTC TCT TGG GCT CTT GG-3′

β-actin Forward 5′-ACA CTG TGC CCA TCT ACG AGG GG-3′ 360
Reverse 5′-ATG ATG GAG TTG AAG GTA GTT TCG TGG AT-3′
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A

B

Figure 2. (A) Determination of HaCaT cells proliferation by means of commercial Tox-8 assay. Fluorescence values are expressed as
arbitrary units (a.u.) ± SD. Black bars = control, grey bars = neridronate, white bars = zoledronate. *P < 0·05 and **P < 0·001
compared with control samples. (B) Optical microscopy images of control and N-BPs (Neridronate and Zoledronate)-treated cells after
48 hours of incubation, stained with toluidine blue. Magnification = 10×. Scale bar = 30 μm.

RESULTS
Cell proliferation
The effects of the N-BPs Zol and Ner on
cell proliferation were analysed by measuring
the increase of fluorescence values due to the
bioreduction of resazurine dye by viable cells
using the commercial Tox-8 assay. As shown
in Figure 2A both drugs, after 48 hours of incu-
bation, induced a significant dose-dependent
increase in cell proliferation compared with
control conditions. Zoledronic acid showed
the strongest effect on cell proliferation even
if both N-BPs reached a maximum effect at
1 μM concentration. The biochemical evidence
of increased cell proliferation was confirmed
by morphological analysis (Figure 2B). In fact,
in Cnt, cellular density after 48 hours of incu-
bation was 1611 ± 122 cells/mm2, while in
samples treated with both 10 μM Ner and
Zol, the cellular concentration was 1892 ± 111
cells/mm2 and 2042 ± 296 cells/mm2, respec-
tively (P < 0·05).

Proliferation and differentiation
markers expression in cells grown in the
presence of N-BPs
Total RNA was extracted from keratinocytes
grown for 48 hours in control and N-BPs con-
taining medium. RNA was reverse-transcribed

and amplified by PCR to assess K5, a
keratinocyte specific proliferation marker (21),
and Fil, a keratinocyte differentiation marker
(21), gene expression. β-actin was used as
housekeeping gene.

As shown in Figure 3A, B, Ner was strongly
able to increase K5 expression starting from
the lower concentration used (10 nM), while
reducing the differentiation marker Fil expres-
sion that became almost undetectable at 10 μM
concentration (Figure 3B). Similar effects were
observed stimulating HaCaT cells with Zol
(Figure 4A, B). In fact, Zol increased the expres-
sion of the proliferation marker K5 in a dose-
dependent fashion, decreasing, at the same
time, Fil expression.

In vitro wound healing
The effects of Zol and Ner on wound heal-
ing ability of HaCaT cells were studied using
the scratch assay. As shown in Figure 5A, both
the N-BPs Zol and Ner strongly induced a
dose-dependent wound closure. In particu-
lar, Ner seems to act at lower concentrations
compared to Zol. In fact, while the percent-
age of wound closure measured in Cnt after
48 hours was 60 ± 6%, 10 nM Ner was able to
increase the percentage of wound closure to
81 ± 12% (P < 0·05). Instead Zol, used at the
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A B

Figure 3. (A) Representative 1·8% agarose-TBE gels, stained with ethidium bromide, showing polymerase chain reaction (PCR)
amplification products for cytokeratin 5 (K5), filaggrin (Fil) and β-actin in both control and neridronate-treated cells. (B) Densitometric
quantification of K5 and Fil gene expression, normalised on the expression of the housekeeping gene β-actin. Black bars = Fil, white
bars = K5.

A B

Figure 4. (A) Representative 1·8% agarose-TBE gel, stained with ethidium bromide, showing polymerase chain reaction
amplification products for cytokeratin 5 (K5), filaggrin (Fil) and β-actin in both control and zoledronate-treated cells. (B) Densitometric
quantification of K5 and Fil gene expression, normalised on the expression of the housekeeping gene β-actin. Black bars = Fil, white
bars = K5.

same concentration, had no effects on control
in vitro wound closure (Figure 5B). On the
other hand, starting from 100 nM concentra-
tion, there were no differences in the effects of
the two drugs on keratinocytes wound healing
ability.

MMPs activity
To evaluate the ability of N-BPs to induce
cell migration along with cell proliferation
in HaCaT cells, the presence and activity of
MMP-2 and MMP-9 involved in keratinocytes
migration were measured by gelatine zymog-
raphy in the conditioned medium obtained by
scratch assay samples. As shown in the rep-
resentative zymograms in Figure 6, both Ner

(A) and Zol (B) were unable to modulate both
MMP-2 (mostly derived from FBS, data not
shown) and MMP-9 expression. Therefore, the
wound closure effect observed was probably
due mostly to HaCaT proliferation.

DISCUSSION
N-BPs drugs are clinically used for the treat-
ment of various bone, tooth and calcium
metabolism diseases, as well as for the preven-
tion of skeletal metastases arising from differ-
ent types of cancer (4). These pharmacological
treatments have a wide range of known side
effects, including mucosal toxicity, especially
at oral and gastrointestinal levels when orally

© 2011 The Authors
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A

B

Figure 5. (A) Representative optical microscopy images of in vitro wound healing (scratch) assay. Fixed cells were stained with
toluidine blue solution. Magnification = 4×. Scale bar = 1 mm. (B) Quantification of wound closure. Results are expressed as % of
wound closure, setting time zero = 0%. Black bars = control, grey bars = neridronate, white bars = zoledronate. *P < 0·05 and
**P < 0·001 compared with control samples.

A

B

Figure 6. Representative zymography of cell growth medium
from 48 hours control (Cnt) and Ner (A) and Zol (B) treated cells.

administered. In fact, the most used N-BPs are
now administered by venous infusion to avoid
high local concentration of the drug. Never-
theless, it has been reported that even after

intravenous infusion, gastric ulcerations could
take place (7).

The observed cell toxicity mainly arise from
N-BPs-induced apoptosis, in fact, it has been
reported by different authors that these com-
pounds exert pro-apoptotic effects onto mouse
keratinocytes and gastrointestinal cells (16,17),
as well as pre-endothelial and endothelial
cells (22,23). Moreover, in HOKs, it has been
shown that 50 μmol/l of Zol decreased cell pro-
liferation and migration and increased apop-
tosis (13), while pamidronate, another N-BP
with shorter linear R2 side chain compared
with Ner, inhibited mouse oral keratinocytes
proliferation and wound healing at 100 μM
concentration (16). Interestingly, lower con-
centrations of pamidronate had no negative
effects on cells proliferation and after 7 days of

© 2011 The Authors
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incubation seemed to even stimulate cell pro-
liferation (16). This paradoxical effect was not
explained by the authors.

In this study, we tested the effects of low
concentrations (10 nM–10 μM) of two N-BPs
(the linear N-BP Ner and the heterocyclic N-
BP Zol, known to be one of the most potent
N-BP today commercially available, because
of the presence of the nitrogen atom in the
heterocyclic ring) on human spontaneously
immortalised keratinocytes (HaCaT, period of
duplication of about 48 hours).

Surprisingly, in our experimental model, the
two N-BPs were able to induce dose-dependent
cell proliferation, stimulate K5 gene expression
and increase keratinocytes in vitro wound clo-
sure ability without affecting the expression
of MMP-9, one of the MMPs involved in ker-
atinocytes migration. To our knowledge, these
experimental data are in contrast with all the
existing studies dealing with the effects of BPs
on keratinocytes cellular behaviour, but, so far,
no experimental protocol used this low range
of BPs concentrations. A possible explanation
of the observed phenomena could be related
to an interesting mechanism of wound heal-
ing inhibition recently described (24). It has
been reported that FPP, the product of the FPP
synthase, the main target of N-BPs pharmaco-
logical action, is able to inhibit epithelization
and wound healing by acting as a glucocorti-
coid receptor (GR) agonist (24).

FPP binding to GR, in fact, inhibits human
epidermal keratinocytes migration, and this
inhibition has been shown to be reverted
by the addition of mevastatine, a statine
that reduces FPP endogenous levels with-
out affecting cholesterol synthesis or protein
farnesylation (24).

Our data could suggest that low concen-
trations of BPs mainly affect FPP levels stim-
ulating wound healing, just as observed for
mevastatine addition to HEK cells in absence
of any other drug (24). It is noteworthy that
Zol IC50 for FPP synthase is 475 ± 10 nM (25),
a concentration that is in the range of N-BPs
concentrations able to stimulate keratinocytes
proliferation.

Even if these data are extremely prelimi-
nary and further work needs to be performed
to better elucidate the cellular mechanisms
involved in the observed phenomena, they can
suggest new clinical applications for BPs in a

very promising field such as cutaneous wound
healing.
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