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Abstract

Objectives: Equisetum arvense preparations have
long been used to promote bone healing. The aim
of this work was to evaluate osteogenic and anti-
bacterial effects of E. arvense hydromethanolic
extracts.

Materials and methods: Dried aerial components of
E. arvense were extracted using a mixture of meth-
anol:water (1:1), for 26 days, yielding three
extracts that were tested (10-1000 pg/ml) in human
osteoblastic cells: E1, E2 and EM (a mixture of El
and E2, 1:1). Cell cultures, performed on cell cul-
ture plates or over hydroxyapatite (HA) substrates,
were assessed for osteoblastic markers. In addition,
effects of the extracts on Staphylococcus aureus
were addressed.

Results: Solution El caused increased viability/pro-
liferation and ALP activity at 50-500 pg/ml, and
deleterious effects at levels >1000 pg/ml. E2
inhibited cell proliferation at levels >500 pg/ml.
EM presented a profile between those observed
with E1 and E2. In addition, E1, E2 and EM, 10—
1000 pg/ml, inhibited expansion of S. aureus. Fur-
thermore, El, tested in HA substrates colonized
with osteoblastic cells, causing increase in cell pop-
ulation growth (10-100 pg/ml). El1 also exhibited
antibacterial activity against S. aureus cultured over
HA.

Conclusions: Results showed that E. arvense
extracts elicited inductive effects on human osteo-
Correspondence: M. H. Fernandes, Laboratério de Farmacologia e Bio-
compatibilidade Celular, Faculdade de Medicina Dentdria, Rua

Dr. Manuel Pereira da Silva, 4200-393 Porto, Portugal. Tel.:
+351220901100; Fax: +351220901101; E-mail: mhfernandes @fmd.

up.pt

386

blasts while inhibiting activity of S. aureus, sug-
gesting a potentially interesting profile regarding
bone regeneration strategies.

Introduction

Bone repair and regeneration are required in many clini-
cal conditions, including non-union bone defects in long
bones and massive bone loss, caused by trauma or osteo-
porosis. To compensate for limitation imposed by use of
autogenous and allogeneic preparations, a number of
biomaterials has been formulated to functionally repair
or replace bone tissue (1). Among them, hydroxyapatite
(HA), chemical formulation Ca;n(PIO4)s(OH), and Ca to
P ratio of 5:3, exhibits similar chemical and crystallo-
graphic structure to bone inorganic apatite, and is the
most widely used biomaterial for clinical bone regenera-
tion and repair (1). In addition, a variety of bioactive
molecules, either incorporated in the material or applied
simultaneously, is being tested to promote migration,
proliferation and differentiation of bone cells, to induce
regeneration at the bone/material interface (2). Typically,
these molecules are expensive growth factors which is a
serious limitation to widespread application. The use of
phytomedicines in bone regeneration strategies begins to
be regarded as a potential alternative. There is good evi-
dence from both in vitro and in vivo studies that a variety
of plant products has positive effects on bone metabo-
lism (3—6), and effectiveness of adding herbal extracts to
bone substitutes has already been reported (7-9).

A further important issue in biomaterial-mediated
bone regeneration is the possibility of bacterial adhesion
to the material (which causes material-related
infections), and the lack of successful tissue integration
or compatibility with biomaterial surfaces, resulting in
significant associated morbidity (10). Treatment of these
conditions remains a great challenge due to poor
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antibiotic distribution at the site of infection, because of
limited blood circulation to surrounding skeletal tissue
(10). This emphasizes the importance of infection pro-
phylaxis, with preferably, the use of a local antimicro-
bial approach, a strategy with advantages over the
current practice of routine systemic administration (10).
Using conventional drugs, there is an increasing problem
of microbial resistance and a continuous need for new
solutions. Regarding this, many hundreds of plants
worldwide are used in traditional medicine as treatments
for bacterial infections and some of these have also been
subjected to in vivo screening (11).

Equisetum arvense (horsetail) is a well-known and
widespread pteridophyte of the northern hemisphere (12)
and its sterile stems are used as medicines in various
countries, constituting ‘Equiseti herba’ of European
Pharmacopedias (13,14). Equisetum arvense preparations
have been reported to be diuretic, antioxidant, vasorelax-
ant, antinociceptive, anti-inflammatory, haemostatic and
sedative (13—18). In the form of tincture (a preparation
containing alcohol), E. arvense is used for its antiseptic
properties (13—15) and previous studies have shown a
broad antimicrobial spectrum of hydroalcoholic extracts
(19) and essential oil (20,21). In addition, E. arvense
preparations are claimed to have beneficial effects on
bone disorders (22) and to promote bone healing after
bone surgery or fracture (13-15). Equisetum arvense
itself has a highly complex pattern of phenolic com-
pounds, namely various flavonoids, phenolic acids and
phytosterols (16,23). Investigations in animal models
and in vitro experiments, as well as studies in humans,
provide accumulating evidence of a positive impact of
flavonoids on bone metabolism, suggesting that regular
intake of these compounds may be important for long-
term bone health (24,25). In addition, E. arvense has a
high concentration of silica (26) and it has been sug-
gested that this pays a significant contribution to its
medicinal properties, particularly on bone disorders (13—
15). Since the deprivation studies of Carlise ef al.
(27,28), a variety of in vitro and in vivo studies has con-
firmed the relevance of Si in bone formation events,
both in aqueous solution and in the form of calcium
phosphate-based biomaterials (29-32).

Regarding bone regeneration strategies, association
of a biomaterial with an agent that stimulates bone
growth, while preventing material-related infection
would contribute to a more predictable and successful
outcome. In this context, aim of the present study was
to evaluate dose-dependent profile of E. arvense
hydromethanolic extracts on behaviour of human bone
marrow osteoblasts, and also to assess their antibacterial
activity, both in standard cell culture conditions and
over hydroxyapatite-dense substrates.
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Materials and methods

Preparation of E. arvense extracts

Dried aerial components of E. arvense, coarsely cut into
pieces, were acquired from a Portuguese herb retail out-
let. This plant matter, previously minced into smaller
pieces, was transferred into a glass container and com-
pacted. The extracting liquid, methanol-water (1:1), was
added to completely cover the plant components, and
was set aside for 3 days as the maceration process.
Then, the whole biological fluid was percolated and the
extracting solution was collected and evaporated in a
rotating evaporator, operating at 50 °C and under
reduced pressure. The recovered solution was reused as
extractor liquid, being added to the glass container
again. This process elapsed continuously until exhaus-
tion of the plant material (26 days). During the proce-
dure, two extracts were collected: extract 1 (El), yielded
between days 4 and 10, and extract 2 (E2), yielded
between days 11 and 26. Additionally, a mixture (EM,
1:1) of El and E2 was prepared. Extracts E1, E2 and
EM were concentrated to dryness under reduced pres-
sure, and respective residues were dissolved in dim-
ethylsulphoxide (DMSO; Merck, Darmstadt, Germany)
to obtain stock solutions of 100 mg/ml. These were ster-
ilized by filtration through 0.2 pm Millipore filters and
maintained in aliquots at —20 °C.

Preparation and characterization of hydroxyapatite
samples

HA powder (Plasma Biotal, Tideswell, UK) was sieved
to less than 75 pm and disc samples were prepared by
uniaxial pressing at 200 MPa, using steel dies to obtain
8 mm diameter discs. These discs were then sintered at
1300 °C (using a ramp rate of 4 °C/min), with the tem-
perature maintained for 1 h, followed by natural cooling
inside the furnace. Phase identification was assessed by
X-ray diffraction (XRD) analysis (Siemens DS5000:
Munich, Germany, difractometer with CuKo radiation,
A= 1.5418 A); data were collected between 25° and
40° using a step size of 0.02°, and count time of 2.5 s.
For cell culture, discs were mechanically polished to
final topology of 1 um, using silicon carbide paper
ultrasonically degreased and cleaned with ethanol, fol-
lowed by deionized water, then sterilized by autoclaving
prior to cell culture.

Cell culture experiments

Effect of E. arvense extracts on osteoblastic cells. Bone
marrow was obtained from patients (2545 years old)
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undergoing orthopaedic surgery, after informed consent.
Bone marrow cells (hBMC) were cultured in A-minimum
essential medium (A-MEM; Gibco, Life Technologies
Ltd, Paisly, UK) containing 10% foetal bovine serum
(Gibco), 100 IU/ml penicillin (Gibco), 2.5 pg/ml strep-
tomycin (Gibco), 2.5 pg/ml amphotericin B (Gibco) and
50 pg/ml ascorbic acid (Sigma-Aldrich, Missouri, USA).
Cultures were maintained in a 5% CO, humidified atmo-
sphere at 37 °C, for 10/15 days until near confluence.
Adherent cells were then enzymatically detached
using 0.04% trypsin and 0.025% collagenase, and fur-
ther cultured (10* cell/cm®) in the same medium as
described above, but were further supplemented with
10 mm B-glycerophosphate (Sigma-Aldrich), as a source
of phosphate ions. After overnight incubation, extracts
El, E2 and EM were added at concentrations of 10, 50,
100, 500 and 1000 pg/ml, and cultures were continued
for 21 days. In parallel, cell cultures were maintained in
presence of the same final concentration of DMSO only
(control). The concentration range tested was based on
preliminary dose—response assays, which enabled exclu-
sion of levels that caused no effect on cell behaviour,
and also, those that caused rapid cell death. Control cul-
tures (absence of extracts) were performed in parallel.
Cultures were maintained in a 5% CO, humidified atmo-
sphere at 37 °C, until near confluence. Culture medium
containing the extracts, was renewed over the culture
time, twice a week. Complementary experimentation
showed that DMSO, at the levels present in the extracts,
did not affect cell viability/proliferation of hBMC over
the 21-day culture period. Cultures were characterized
for cell viability/proliferation, and were observed using
confocal laser scanning microscopy (CLSM). Extract
El, which revealed an inductive effect on cell prolifera-
tion, was also characterized for alkaline phosphatase
(ALP) activity and ability to form a mineralized matrix.

Effect of Si in osteoblastic cells. Equisetum arvense has
high silica content (26), and extract E1 (which resulted
in higher osteoblast induction) was evaluated for Si con-
centration. Standard solutions, 10-75 ppm, were pre-
pared by appropriate dilution of 1000 ppm Si stock
solution (Riedel de Haen) with NaCl (20 mg/ml).
Absorbance measurements were carried out at
A = 251.6 nm, using an atomic absorption spectrometer
(GBC 904 AA) with an acetylene/nitrous oxide flame.
Concentration of Si in the 100 mg/ml stock solution
was 11.08 £ 0.81 pg/ml.

hBMC (10* cells/cm?) were seeded into 96-well cul-
ture plates. After overnight incubation, Si was added
at 0.005-1 pg/ml, levels covering those present in El
solutions tested over hBMC. Cultures were maintained
for 21 days, as described above. As there is little
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information regarding the exact chemical structure of sil-
ica in E. arvense, two different forms of Si were tested,
namely the organic form tetraethilorthosilicate
(CgH,00,S1) and silicic acid. Si solutions were prepared
from 100 mg/ml standard solutions of tetraethilorthosili-
cate (Merck) and 100 mg/ml silicic acid (Sigma) diluted
in phosphate saline buffer. Cultures were characterized
for cell viability/proliferation.

Effect of E. arvense extracts on osteoblastic cells
cultured over hydroxyapatite. In a further set of experi-
ments, extract E1 was tested on cultures of hBMC
established over HA discs. hBMC (10* cell/cm?) were
plated over the HA discs, placed in 48-well culture
plates, and cultured as described above. After overnight
incubation to allow for cell adhesion, extract E1 was
added, 10-1000 pg/ml, and cultures were handled as
described. Colonized HA discs were observed by CLSM
and characterized for cell viability/proliferation. In
addition, cultures exposed to 50 and 500 pg/ml were
evaluated for ALP activity and expression of osteoblas-
tic-related genes by RT-PCR.

Characterization of cell behaviour.

Cell viability/proliferation — Cell viability/proliferation
was evaluated by reduction of tetrazolium salt MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] (0.5 mg/ml), by viable cells to form a purple
formazan product after 3 h incubation. Absorbance (A)
was measured at 600 nm using a microplate reader
(WS050 WellScan; Denley Instruments Ltd., Denley,
Franklin, USA), after crystal solubilization in DMSO.

Total protein content and alkaline phosphatase
activity: — Cell cultures were washed twice in PBS, fro-
zen at —20 °C, and evaluated at the end of the culture
period. Total protein content and ALP activity were
evaluated in cell lysates obtained by treatment of cell
layers with 0.1% Triton-X 100 in water. Protein content
was assayed using Lowry’s method with bovine serum
albumin used as a standard. ALP activity was deter-
mined by hydrolysis of p-nitrophenyl phosphate in alka-
line buffer, pH 10.3, and colorimetric determination of
the product (p-nitrophenol) at 405 nm. Hydrolysis was
carried out for 30 min at 37 °C. Results were expressed
as nanomoles of p-nitrophenol produced per min per pug
of protein (nmolmin~' pg protein~").

Staining F-actin cytoskeleton filaments and observation
using CLSM: — Cultures were fixed in 4% methanol free
formaldehyde, permeabilized with 0.1% Triton (5 min,
RT) and incubated in 10 mg/ml bovine serum albumin
with 100 pg/ml RNAse (1 h, RT). F-actin filaments
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were stained using Alexa-Fluor-conjugated phalloidin
(1:100, 1 h, RT) and nuclei were counterstained with
10 pg/ml propidium iodide (10 min, RT). Fluorescence
stained cultures were examined using CLSM (Leica
TCP SP2 AOBS confocal microscope, Leica, Solms,
Germany).

Staining phosphate deposits with von Kossa reagent: —
Cell cultures were fixed in 1.5% glutaraldehyde in
0.14 M sodium cacodylate buffer (pH 7.3, 10 min). Cell
layers were covered with 10 mg/ml silver nitrate solu-
tion and were exposed to UV light for 1 h. After rinsing
in deionized water, samples were incubated for 2 min in
50 mg/ml sodium thiosulphate solution. After washing
once more in deionized water, phosphate deposits
(stained black) were visualized using a phase-contrast
optical microscope (Nikon TMS, Nikon, Tokyo, Japan).

Scanning electron microscopy: — For scanning electron
microscopy (SEM) observation, colonized HA discs
were fixed in 1.5% glutaraldehyde in 0.14 M sodium
cacodylate buffer (pH 7.3, 10 min), then dehydrated in
graded alcohols, critical-point dried, sputter-coated with
gold and analysed using a Jeol JSM 35C scanning elec-
tron microscope (Jeol Ltd., Tokyo, Japan).

Total RNA extraction and RT-PCR analysis: — RT-PCR
was used to access expression of housekeeping gene for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
and those for COL1 (collagen type 1), ALP, BMP-2,
M-CSF, RANKL and OPG, in hBMC grown for
21 days on surfaces of HA substrates. Total RNA was
extracted using RiboPure™ Kit (Ambion, Austin,
USA), according to manufacturer’s instructions. Concen-
tration and purity of total RNA in each sample were
determined by UV spectrophotometry at 260 nm and by
calculating the Asgp nm/A2g0 nm ratio, respectively. RT-
PCR was performed using the Titan One Tube RT-PCR
System from Roche Applied Science, according to man-
ufacturer’s instructions. Briefly, 0.5 pg total RNA from
each sample was reverse transcribed into cDNA (30 min
at 50 °C), while PCR was performed with an annealing
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temperature of 55 °C, for 25 cycles; primers used are
listed in Table 1. PCR products were then electrophore-
sed in 1% agarose gel and stained with ethidium bro-
mide. Densitometric analyses were performed with
ImageJ 1.41 software and normalized for the corre-
sponding GAPDH value of each experimental condition.

Antibacterial activity of E. arvense extracts. Equisetum
arvense E1, E2 and EM were tested against Staphylo-
coccus aureus (ATCC 29213), Eschericha coli (ATCC
25922), Pseudomonas aeruginosa and Enterococcus
(clinical isolated strains). Antibacterial susceptibility
testing was performed using a broth microdilution
method in accordance with the National Committee for
Clinical Laboratory Standards recommendations. Anti-
bacterial testing was performed using 24 h-old broth
cultures (overnight culture). Cell suspensions were
adjusted to a 0.5 McFarland turbidity standard, for use
inocula (Densimat, Biomérieux). Next, 5 pl of bacterial
suspension was inoculated into each well of a 96-well
microplate containing dilutions of extracts, prepared in
Muller-Hinton liquid medium (250 pl) to obtain final
concentrations of 10-1000 pg/ml. Cell population
growth control and negative control were included in
the same microplates. Cultures treated with DMSO, at
concentrations present in the extracts, were performed in
parallel. Plates were incubated at 37 °C for 24 h and
turbidity was measured at 600 nm, using a microplate
reader.

In a further experiment, extract E1 was tested for
antibacterial activity in bacterial cultures plated over HA
discs, using the same experimental protocol.

Statistical analysis

Data were obtained from three separate experiments,
each one performed in triplicate, using cell cultures from
different donors; cell responses to E. arvense extracts
were identical from all. In each experiment, for quantita-
tive assays, six replicates were accomplished. Data are
expressed as mean =+ standard deviation. Groups of data
were evaluated using two-way analysis of variance

Table 1. Primers used on RT-PCR analysis of hBMC cultures established on HA discs

Gene 5" Primer 3’ Primer

GAPDH 5'-CAGGACCAGGTTCACCAACAAGT-3’ 5'-GTGGCAGTGATGGCATGGACTGT-3’
Collagen I 5-TCCGGCTCCTGCTCCTCTTA-3’ 5'-ACCAGCAGGACCAGCATCTC-3'
ALP 5-ACGTGGCTAAGAATGTCATC-3’ 5'-CTGGTAGGCGATGTCCTTA-3'
BMP-2 5'-GACGAGGTCCTGAGCGAGTT-3' 5'-GCAATGGCCTTATCTGTGAC-3'
M-CSF 5'-CCTGCTGTTGTTGGTCTGTC-3’ 5'-GGTACAGGCAGTTGCAATCA-3'
RANKL 5'-GAGCGCAGATGGATCCTAAT-3' 5'-TCCTCTCCAGACCGTAACTT-3’
OPG 5'-AAGGAGCTGCAGTACGTCAA-3’ 5'-CTGCTCGAAGGTGAGGTTAG-3'
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(ANOVA) and no significant differences in patterns of
cell behaviour were found. Statistical differences
between controls and experimental conditions were
assessed by Bonferroni’s method. Values of P < 0.05
were considered significant.

Results

Effect of E. arvense extracts on behaviour of hBMC

Cell viability/proliferation, ALP activity. Extract El
(Fig. 1a) caused stimulatory effects at 50 pg/ml, days
14 and 21 (in the order of 30% and 32%, respectively),
and 100 pg/ml, day 21 (~39%). Levels of 500 and
1000 pg/ml caused cumulative inhibitory effects,
observed after day 7.

Extract E2 (Fig. 1b) caused dose-dependent inhibi-
tory effects after 7 days culture (statistically significant
at levels >100 pg/ml). Lower concentrations of E2
extract did not affect any cell response significantly.

Regarding extract EM (Fig. lc), exposure to 50 and
100 pg/ml caused a stimulatory response at day 21, in
the order of 27% over control. Presence of 500 and
1000 pg/ml elicited a significant inhibitory effect, which
became evident after the first week of culture.

Cell cultures treated with Extract El were also
assessed for ALP activity (Fig. 1d). Increased ALP
activity was found in the presence of 50 pg/ml (at days
7, 14 and 21) and at 100 pg/ml (day 21). The two high-
est tested concentrations caused dose-dependent inhibi-
tion of ALP activity.

Globally, the inhibitory effect observed for higher
concentrations mainly concerned increase in toxicity
leading to cell death, as observed by increase in levels

O 0 pg/ml - Control O 10 pg/ml @ 50 pgiml
2 100 pgiml = S pg'ml W 1000 pgiml
@3, (b) 34
El d E2
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of detached cells and/or cell fragments, in cell cultures
(data not shown).

F-actin cytoskeleton organization. CLSM appearance of
hBMC cultures exposed to extract E1, 50 and 1000 pg/
ml is shown in Fig. 2. At day 7, cultures treated with
50 pg/ml presented well-spread cells with cytoplasmic
extensions, cell-to-cell contact and normal morphology
and cytoskeleton organization; a continuous cell layer
was observed by day 14 and cell multilayers at day 21.
High magnification images indicated metabolically
active cell population with ongoing processes of cell
division. Cultures exposed to 100 and 500 pg/ml El
presented similar CLSM appearances (not shown). This
time-course behaviour was identical to that seen in con-
trol cultures. However, cultures exposed to 1000 pg/ml
showed evident signs of toxicity reflected by lower
numbers of attached cells at day 7 and significantly dis-
turbed behaviour by days 14 and 21, namely progres-
sively fewer attached cells, lack of cell-to-cell contacts
and altered cytoskeleton organization, with reduced
cytoplasmic volume and dense nuclear material. E2 and
EM caused similar dose- and time-dependent behaviour,
but deleterious effects on cell morphology were seen at
lower levels (data not shown).

Presence of phosphate deposits. Cell cultures main-
tained in absence of any extract revealed production of
mineralized deposits at day 14, which had increased by
day 21, assessed by von Kossa staining (Fig. 3a). Expo-
sure to 50 pg/ml El extract elicited a higher response,
specially evident at day 14. Similar behaviour was
achieved following supplementation with 100 pg/ml
(data not shown). In the presence of higher concentra-

Figure 1. Cell viability/proliferation and
ALP activity of hBMC cultures. Effect of
Equisetum arvense extracts on viability/prolif-
eration (a—c) and ALP activity (d) of hBMC
cultured for 21 days in standard tissue culture

Day 14 plates. *Significantly different from control.
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Control

7 days

14 days

Figure 2. CLSM visualization of hBMC
cultures. Cell morphology and proliferation
of hBMC cultures treated with extract EI,
over culture time. CLSM of cultures stained
for F-actin (green) and nuclei (red).

Detail - 14 days

tions, no mineralization was observed and cell death
was elicited. This behaviour was confirmed by SEM
observation, as shown in representative images of
21-day cultures (Fig. 3b). Moreover, X-ray microanaly-
sis of mineralized deposits confirmed that they were
mainly composed of calcium phosphate salts.

Effect of Si on behaviour of hBMC

hBMC cultures exposed to 0.005—1 pg/ml Si (concentra-
tion range representative of that present in the tested El
solutions), had increased viability/proliferation by days
14 and 21, in the order of 16% or 24% for tetraethilorth-
osilicate or silicic acid respectively (Fig. 4a). Also,
increase in ALP activity in the order of 13% or 31%
(tetraethilorthosilicate or silicic acid respectively) was
observed (Fig. 4b).

© 2012 Blackwell Publishing Ltd
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50 pg/ml (E1)

1000 pg/ml (E1)

400 um

400, uxm
T

Effect of E. arvense extracts on behaviour of hBMC
cultured on hydroxyapatite

XRD pattern of prepared HA (Fig. 5a) revealed it to be
pure phase HA, as no secondary phases were formed.
On CLSM observation, colonized HA substrates treated
with low levels of E1 showed well-spread cells distrib-
uted over the HA surface on day 7, which proliferated
throughout the culture period forming a thick cell layer
by day 21, as seen in Fig. Sc—e for cultures treated with
50 pg/ml El. In addition, E1 induced a statistically sig-
nificant increase in cell proliferation at 50 pg/ml (in the
order of 17% and 20%, at days 14 and 21 respectively)
and 10 and 100 pg/ml (~16%, at day 21), and inhibitory
effects at levels >500 pg/ml, Fig. 6a. Compared to con-
trols, ALP activity following supplementation with El
50 and 100 pg/ml increased from day 14 (36%) and 21
(21%) respectively, Fig. 6b. Concentration of 500 pg/ml
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(a) Day 7 Day 14 Day 21

Control

1000 pg/ml

.. (b)

Control

Figure 3. Presence of mineralized deposits in hBMC cultures treated with extract E1. (a) Representative images of cell layers following von
Kossa staining (phosphate-containing deposits); white bars, 100 um. (b) SEM images after 21 days culture, showing cell layer-associated mineral
deposits; white bars, 15 pm. *Representative X-ray spectrum of mineralized deposits, displaying Ca and P peaks.
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elicited a significant reduction in ALP activity (~42% at
day 21). In addition, presence of 50 and 100 pg/ml El
extract appeared to induce a slight increase in gene
expressions of COLI, ALP, BMP-2, M-CSF, RANKL
and OPG, evaluated at day 21, which reached statistical
significance for ALP (20%) and BMP-2 (31%) genes
(Fig. 6¢). On the other hand, treatment with 500 pg/ml

© 2012 Blackwell Publishing Ltd

cultures. *Significantly different from control.

significantly reduced expression of osteoblast-related
genes.

Antibacterial activity of E. arvense extracts

Extracts, 10-1000 pg/ml, caused dose-dependent inhibi-
tory activity of S. aureus, with all three extracts presenting
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Figure 5. X-ray diffraction pattern of
hydroxyapatite (a) SEM appearance of sur-
face of HA-dense discs used in the cell cul-
ture experiments (b) inset: macroscopic
appearance, bar = 5 mm). HA colonized with
hBMC grown in the presence of 50 pg/ml
extract El, at days 7 (c) 14 (d) and 21 (e)
observed by CLSM.
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similar profiles (Fig. 7a), but did not cause any apparent
effect against tested Gram-negative bacteria (not shown).
Extract El, tested on S. aureus culture plated over HA
discs, presented identical antibacterial activity, that is 20
—95% inhibition of bacterial cell growth over the tested
concentration range, Fig. 7b.

Discussion

In contrast to synthetic pharmaceuticals based on single
chemicals, many phytomedicines exert their beneficial
effects due to additive or synergistic action of several
chemical compounds acting at single or multiple target

© 2012 Blackwell Publishing Ltd

sites, associated with a physiological process (33). Also,
because of the presence of a high number of potential
bioactive compounds, plant preparations are anticipated
to exhibit a wide range of effects (33), with the possibil-
ity of interesting combinations regarding a specific ther-
apeutic aim. The present study describes the effects of
hydromethanolic extracts of E. arvense on behaviour of
hBMC, and also, any antimicrobial activity they may
have against Gram+ and Gram— bacteria, relevant in
bone-associated infections (10). Additionally, activity of
the extracts was evaluated on colonized HA-dense sub-
strates, exploring a potential utility for bone regeneration
strategies.

Cell Proliferation, 45, 386-396



394 C. Bessa Pereira et al.

D0 pgml - Control o100 pg/ml
010 pg/ml B 300 pg/ml
(a) 0 50 pg/ml w1000 pg/ml

=
o>

ABS (600 nm)
s =
[ oS

Figure 7. Effect of Equisetum arvense extracts on proliferation of
Staphylococcus aureus, after 24 h. (a) Antibacterial activity of E1, E2
and EM on cultures performed in standard tissue culture plates.
(b) Antibacterial activity of extract El in cultures performed on
hydroxyapatite discs. *Significantly different from control.

Dried aerial components of E. arvense were
extracted using a mixture of methanol:water (1:1) con-
tinuously until exhaustion of the plant material sample.
As alcohol has a lower boiling point than water, the
extracting solution became progressively richer. This
procedure resulted in decreased capacity to extract apo-
lar compounds and increased extraction of polar com-
pounds. Two extracts were collected and tested, El
(yielded between days 4 and 10) and E2 (yielded
between days 11 and 26), with different compositions
regarding hydrophilicity and lipophilicity characters of
the compounds present. Thus, EI was more concentrated
in apolar compounds and E2 was expected to be richer
in polar compounds. A mixture of the two extracts, EM,
was also evaluated.

Equisetum arvense extracts affected viability/prolifer-
ation of hBMC over the range of 50-1000 pg/ml and
presented distinct dose- and time-dependent profiles. E1
exhibited the most favourable response with significant
dose-dependent increase in the cell population expansion
at 50 and 100 pg/ml. E2 had a less favourable profile
and EM, a 1.1 mixture of El and E2, presented activity
between those observed with the isolated extracts. Fur-
thermore, presence of 50 and 100 pg/ml of El also
stimulated activity of osteoblastic enzyme ALP on
hBMC (34) and formation of mineralized deposits. The
results obtained for cell viability and ALP activity, com-
bined with absence of significant effects on actin fila-
ments (at lower extract concentrations), suggest that the
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observed extract-inducing effects might not involve
significant changes in cytoskeleton reorganization. That
is, other processes, rather than alterations in F-actin fila-
ments, could be involved in stimulation observed in the
osteoblastic behaviour, induced by low extract concen-
trations. On the other hand, actin staining suggested that
at high extract concentrations, cells had aberrant mor-
phology, which is in line with the proposed toxicity
and, consequently, cell death. In cells, F-actin is highly
concentrated just beneath the plasma membrane and it
controls cell shape and surface movements modulating
intracellular mechanics proximal to proliferation and dif-
ferentiation events (35,36), in addition to providing the
molecular basis for many mechanical properties of cyto-
plasm (37). Distinct profiles of E1 and E2 are most
probably related to differences in composition of the
two extracts and/or in concentrations of the active com-
pounds, as expected considering procedures of the
extract preparations. Also, E1 might contain metabolites,
present only in smaller quantities in the plant and totally
extracted in the first few days, that may not be present
in E2. E2 itself, also, also might contain different com-
pounds. Results suggest that E1 had active constituents
that stimulated cell proliferation and additionally that E2
appeared to be poorer in such molecules or be richer in
proliferation inhibitory compounds.

Equisetum arvense is known to have a high content
of silica, being a natural organic source of its water-sol-
uble colloidal (13—15). Considering the role of this ion
on bone metabolism (27-32), extract E1, which caused
increased cell viability/proliferation, was analysed for Si
content. Levels in the range of those present in El-
tested solutions caused slightly higher proliferation of
hBMC after a few days exposure. This observation is in
line with previous studies reporting stimulatory effects
in human osteoblast cultures treated with levels <1.4 pg/
ml (38) and 0.1-100 pg/ml (39). Also, presence of Si
concentrations up to 1 pg/ml caused increase in ALP
activity of hBMC, particularly when the source of Si was
silicic acid, one of the forms of Si found in E. arvense
(40). Taken together, results reported here suggest that
in addition to an eventual modest contribution of Si,
other bioactive compounds played a role in induced cell
proliferation caused by extract E1. Regarding this, it is
known that E. arvense contains a variety of phenolic
compounds (13-16,23), which might contribute to the
observed inductive effect. Positive association between
phenolic phytochemicals and bone metabolism, based on
cell culture experiments, animal models and clinical
studies, has been addressed in two reviews (24,25).
Equisetum arvense accumulates phenolics, mainly flavo-
nols quercetin and kaempferol and flavone apigenin,
among others (23). Studies on osteoblast cultures
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showed higher alkaline phosphatase activity and matrix
mineralization in the presence of these two molecules
(41-44), with some authors suggesting involvement of
ERK and oestrogen receptor activation (44). Apigenin
has also been reported to influence bone cell behaviour
(45), but its effect on bone health remains unclear (24).
The extracts were also evaluated with regard to anti-
bacterial activity, at 10-1000 pg/ml, concentration range
that elicited dose-dependent effects of proliferation of
hBMC. El, E2 and EM caused dose-dependent popula-
tion growth inhibition of S. aureus, but were not active
against the tested Gram-negative bacteria. Antibacterial
activity of E. arvense extracts might be related to high
content of its phenolic compounds (19,23) and these
results are in agreement with studies on E. arvense essen-
tial oil (20) and are in line with previous screenings of
medicinal plants that show that most active plant extracts
have activity against Gram-positive bacteria, while Gram-
negative microorganisms are more resistant (11,34,46,47).
To address suitability of E. arvense extracts in bio-
material-mediated bone regeneration, extract E1, which
yielded a promising profile from the fore-going experi-
ments, was tested on HA-dense substrates colonized
with hBMC. HA is widely used in bone regeneration/
repair applications, and our cultured material samples
exposed to El exhibited an increase in cell proliferation
(at 50 and 100 pg/ml), without any deleterious effects
on phenotype expression of hBMC. Accordingly, hBMC
cultures displayed expression of osteoblastic-related
markers COL1, ALP and BMP-2 (48), and increased
expression was observed of ALP and BMP-2. In addi-
tion, no significant changes were found in expression of
genes or their products essential in cross-talk between
osteoblasts and osteoclasts during bone modelling and
remodelling, namely osteoclastogenic modulators such
as inducers M-CSF and RANKL, and the inhibitor OPG
(49,50). Extract El also exhibited antibacterial activity
against S. aureus in cultures performed on HA. This is a
relevant aspect considering that bone-related infections
are caused particularly by Gram-positive bacteria (10)
and S. aureus is a common pathogen in biomaterial-
related infections (10,51). Following implantation,
biomaterials rapidly acquire a layer of host proteins such
as collagen, fibrinogen and fibronectin, providing a suit-
able adhesive substratum for bacterial colonization that,
in the case of S. aureus, is mediated by specific adhe-
sion molecules (Microbial surface components recogniz-
ing adhesive matrix molecules, MSCRAMMs) (51).
Bacterial colonization prevents attachment of bone pre-
cursor cells to the material surface, thus reducing host
response and impairing the repair process (10). Presence,
in the bone environment, of an agent with both osteo-
blast-inducing ability. and antibacterial properties would
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favour bone formation and prevent bacterial colonization,
useful profiles in bone regeneration strategies.

In conclusion, the present study has shown that the
hydromethanolic extracts of E. arvense exhibit a dose-
dependent stimulatory effect on proliferation of hBMC, at
concentrations up to 100 pg/ml. In addition, activity
against S. aureus was observed over the same concentra-
tion range. Experiments performed on colonized HA sub-
strates also showed increase in proliferation of osteoblasts
expressing normal phenotype features, along with antibac-
terial activity. These results provide information regarding
for eventual utility of E. arvense extracts in promoting
osteoblastic response, while preventing risk of infection at
the biomaterial/bone interface, by local delivery strategy.
However, aspects related to establishment of basic levels
of chemical and pharmacological standardization,
together with safety issues, need to be further addressed.
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