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Osteoblasts and adipocytes coexist in the implantation site and affect the process of
titanium (Ti) osseointegration. As extracellular signal-regulated kinases 1/2 (ERK1/2)
are involved in osteogenesis and adipogenesis, the aim of our study was to investigate
if the effects of Ti surface topography on osteoblast and adipocyte differentiation are
modulated by ERK1/2. The experiments were conducted based on the effect of the
ERK1/2 inhibitor, PD98059, on mesenchymal stem cells (MSCs) grown under osteo-
genic and adipogenic conditions on Ti with nanotopography (Ti-Nano) or on
machined Ti (Ti-Machined). The results showed that, in general, ERK1/2 inhibition
favored osteoblast and adipocyte differentiation of MSCs grown on Ti-Machined. In
MSCs grown on Ti-Nano, ERK1/2 inhibition upregulated the expression of alkaline
phosphatase and osteocalcin and reduced extracellular matrix mineralization. In terms
of adipocyte differentiation, ERK1/2 inhibition elicited similar MSC responses to
Ti-Nano and Ti-Machined, upregulating gene expression of adipocyte markers with-
out affecting lipid accumulation. Our results indicate that, under osteogenic and adi-
pogenic conditions, the responses of MSCs to Ti surface topography in terms of
osteogenesis and adipogenesis are dependent on ERK1/2. Thus, a precise modulation
of ERK1/2 expression and activity induced by surface topography could be a good
strategy to drive the process of implant osseointegration.
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The interaction between cells and titanium (Ti) is a key
step in the process of implant osseointegration, and
several surface characteristics may affect cell adhesion,
proliferation, and differentiation, which ultimately dic-
tate the formation of interfacial tissue. Among surface
features, the topography, from microscale to nanoscale,
has been shown to regulate cell responses to Ti (1-4).
The capacity of implants to modulate cell signals has
been investigated, and the regulation of some pathways
involved in osteogenesis has been associated with differ-
ent surface topographies. The effect of an acid-etched,
sandblasted, microstructured Ti surface on osteoblast
differentiation involves canonical and non-canonical
Wnt and transforming growth factor beta (TGF-p)/
bone morphogenetic protein (BMP) signaling pathways
(5, 6). The nanotopography of the Ti surface obtained
by a simple, reproducible, and low-cost treatment with
sulfuric acid/hydrogen peroxide (H,SO4/H,0,) induces
osteoblast differentiation under either osteogenic or

non-osteogenic conditions (7, 8). Up to now, we have
demonstrated that the osteogenic potential of this Ti
surface involves its ability to inhibit the expression of
microRNAs associated with the modulation of the
BMP-2 signaling pathway (9). Furthermore, cells grown
on this nanotopography synthesize larger amounts of
endogenous BMP-2 and are more responsive to exoge-
nous BMP-2 than cells grown on a machined surface
(9, 10). Additionally, this surface triggers the «1f1 inte-
grin signaling cascade as the inhibition of this pathway
reduces osteoblast differentiation induced by nanoto-
pography (7).

In addition to Wnt, BMP, and integrins, the mito-
gen-activated protein kinase (MAPK) family is regu-
lated by Ti surface topography. Specifically, the
extracellular signal-regulated kinases 1 and 2 (ERK1/2)
cascade may be modulated by Ti surface topographies
exerting a direct effect on osteoblast differentiation
(11). Extracellular signal-regulated kinases 1 and 2 act
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as a switch for regulation of osteoblast and adipocyte
differentiation by modulating runt-related transcription
factor 2 (RUNX2) and peroxisome proliferator-acti-
vated receptor gamma (PPARy) expression and/or
activity (12). While ERK1/2 phosphorylation is sus-
tained during osteoblast differentiation, it is transient
and decreases during differentiation of mesenchymal
stem cells (MSCs) into adipocytes. In this scenario, sur-
face topographies that regulate ERKI1/2 expression
and/or activity may induce a disruption of the balance
between osteogenesis and adipogenesis, and conse-
quently could affect Ti osseointegration.

Considering the osteogenic potential of nanotopogra-
phy and the relevance of ERK1/2 for osteogenesis and
adipogenesis, the aim of this study was to evaluate the
participation of ERK1/2 in the interactions between
MSCs and Ti using nanotopography (Ti-Nano) or
machined Ti (Ti-Machined) during osteoblast and adi-
pocyte differentiation.

Material and methods
Preparation of Ti surfaces

Discs of commercially pure grade 2 Ti, 12 mm in diameter
and 1.5 mm thick, were polished using 320- and 600-grit
silicon carbide, cleaned by sonication, and rinsed with
toluene. Samples were treated with a blend of 10 N H,SO4
and 30% aqueous H,O, (1:1, v/v) for 4 h at room temper-
ature under continuous agitation to produce the surface
nanotopography. Treated (Ti-Nano) and untreated (Ti-
Machined) discs were rinsed with deionized H»O, auto-
claved, and air-dried. The surfaces were examined using a
field emission scanning electron microscope (Inspect S50;
FEI, Hillsboro, OR, USA) operated at 5 kV.

Isolation and culture of MSCs

Cells from male Wistar rats weighing 120-150 g were used
in this study and all experiments were carried out
according to the protocols approved by the Committee of
Ethics in Research of the University of Sao Paulo
(# 2015.1.163.58.5). Mesenchymal stem cells were obtained
by flushing the femur medullary canals and were cultured
in growth medium comprising minimum essential medium
alpha («-MEM; Gibco-Invitrogen, Grand Island, NY,
USA) supplemented with 10% fetal calf serum (Gibco-
Invitrogen), 50 ug ml~' of gentamycin (Gibco-Invitrogen)
and 0.3 ug ml™" of fungizone (Gibco-Invitrogen). At 80%
confluence, MSCs were enzymatically detached and used
in the experiments described below. During the entire cul-
ture period, cells were kept at 37°C in a humidified atmo-
sphere of 5% CO, and 95% air, and the medium was
changed three times a week.

Effect of ERK1/2 inhibition on osteoblast
differentiation of MSCs grown on Ti surfaces under
osteogenic conditions

Cell culture: Mesenchymal stem cells were plated on Ti-
Nano and Ti-Machined discs in 24-well culture plates at a
cell density of 2 x 10* cells per well. Cultures were kept in
osteogenic ~ medium, which is growth medium

supplemented with 5 ug ml™' of ascorbic acid (Gibco-Invi-
trogen), 7 mM f-glycerophosphate (Sigma-Aldrich, St
Louis, MO, USA), and 1077 M dexamethasone (Sigma-
Aldrich), with or without (vehicle) 25 uM PD98059
(Sigma-Aldrich), the ERK1/2 inhibitor, for periods of up
to 21 d. The concentration of PD98059 was based on data
from literature (13).

Gene expression of key osteoblast markers: Quantitative
real-time PCR was carried out on day 10 to evaluate the
expression of RUNX2, osterix (OSX), alkaline phosphatase
(ALP), and osteocalcin (OC) genes. Total RNA was
extracted with Trizol reagent (Invitrogen-Life Technolo-
gies, Carlsbad, CA, USA), according to the manufac-
turer’s instructions, and 1 ug of RNA was used to
synthesize cDNA through a reverse transcription reaction
(MMLV reverse transcriptase; Promega, Madison, WI,
USA). Real-time PCR was carried out in a Step One Plus
Real-Time PCR System (Invitrogen-Life Technologies)
using Tagman PCR Master Mix (Applied Biosystems,
Foster City, CA, USA). The relative gene expressions were
normalized to f-actin expression and the real changes were
expressed relative to MSCs grown on either Ti-Nano or
Ti-Machined surfaces in the absence of PD98059 using the
comparative threshold method (2724CY).

RUNX2 protein detection: At day 10, expression of
RUNX2 protein was detected by western blotting. Cells
were lysed in 500 pl of lysis buffer containing 1 x protease
inhibitor mixture (Roche Applied Science, Indianapolis,
IN, USA), and 25 uM MGI132 proteasome inhibitor
(Roche Applied Science). Total protein of each sample
(30 ug) was subjected to electrophoresis in a denaturing
8.5% polyacrylamide gel and transferred to a Hybond C-
Extra membrane (GE Healthcare Life Science, Piscataway,
NJ, USA) using a semidry transfer apparatus (Bio-Rad
Laboratories, Hercules, CA, USA). Membrane was
blocked for 1 h in Tris-buffered saline plus 0.1% Tween 20
(TBS-T; Sigma-Aldrich) containing 5% non-fat powdered
milk (Bio-Rad Laboratories). The RUNX2 protein was
detected using rabbit polyclonal antibody to RUNX2
(1:3,000) (Cell Signaling Technology, Beverly, MA, USA)
followed by secondary antibody, goat anti-rabbit IgG—
horseradish peroxidase (HRP) conjugate (1:2,000, Santa
Cruz Biotechnology, Santa Cruz, CA, USA). Mouse mon-
oclonal anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:8,000, Sigma-Aldrich) was used as a control
followed by the secondary antibody, goat anti-mouse
IgG-HRP conjugate (1:2,000, Santa Cruz Biotechnology).
Secondary antibodies were detected using the Western
Lightning Chemiluminescence Reagent (PerkinElmer Life
Sciences, Waltham, MA, USA) and the images were
acquired using G:Box gel imaging (Syngene, Cambridge,
UK). The expression of RUNX2 was quantified by count-
ing pixels and normalized to expression of GAPDH.

Extracellular matrix mineralization: At day 21, cells
were fixed in 10% formalin for 2 h at room temperature,
dehydrated, and stained with 2% Alizarin Red S (Sigma-
Aldrich), pH 4.2, for 10 min. The calcium content was
measured using a colorimetric assay. First of all, 280 ul of
10% acetic acid was added to each well and the plate was
incubated at room temperature for 30 min under shaking
at 400 rpm. The solution was heated at 85°C for 10 min,
transferred to ice for 5 min, and centrifuged at 13,000 g
for 15 min at room temperature. Then, 100 ul of the



supernatant was mixed with 40 ul of 10% ammonium
hydroxide and read at 405 nm in a plate reader (uQuant;
BioTek, Winooski, VT, USA); and the data were
expressed as absorbance.

Effect of ERK1/2 inhibition on adipocyte
differentiation of MSCs grown on Ti surfaces under
adipogenic conditions

Cell culture: Mesenchymal stem cells were plated on Ti-
Nano and Ti-Machined discs in 24-well culture plates at a
cell density of 2 x 107 cells per well. Cultures were kept in
adipogenic medium, namely growth medium supplemented
with 107° M dexamethasone (Sigma-Aldrich), 0.5 uM 3-
isobutyl-1-methylxanthine (Sigma-Aldrich), 10 ug ml~' of
insulin (Sigma-Aldrich), and 0.1 M indomethacin (Sigma-
Aldrich), with or without (vehicle) 25 uM PD98059
(Sigma-Aldrich), for periods of up to 21 d.

Expression of genes for key adipocyte markers: Quanti-
tative real-time PCR was carried out on day 10 to evaluate
the expression of PPARy, adiponectin (ADIPOQ), and
adipocyte protein 2 (4P2) genes, as described above.

Lipid accumulation: At day 21, cells were fixed in 10%
formalin for 2 h at room temperature, washed with 60%
isopropanol (Merck, Darmstadt, Germany), and stained
with 0.3% Oil Red O (Sigma-Aldrich) for 10 min. Lipid
accumulation was measured using a colorimetric assay.
The Oil Red O incorporated was extracted by incubation
with 100% isopropanol for 10 min under shaking at room
temperature. Then, this solution was read at 500 nm in a
plate reader (uQuant; BioTek) and the data were expressed
as absorbance.

Data analyses

The data are representative of three independent experi-
ments using three sets of cultures established from differ-
ent pools of rats. For each experiment, gene and protein
expression were evaluated in triplicate (n = 3), and extra-
cellular matrix mineralization and lipid accumulation were
evaluated in quintuplicate (n = 5). The data were analyzed
using the Mann—Whitney U-test to compare either cells
grown on Ti-Machined with or without PD98059, or cells
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grown on Ti-Nano with or without PD98059. The level of
significance was established at P < 0.05.

Results
Topography of Ti surfaces

As expected, under scanning electron microscopy, Ti-
Machined exhibited a smooth surface, while Ti-Nano
showed a network of nanopores (Fig. 1A,B).

Effect of ERK1/2 inhibition on osteoblast
differentiation of MSCs grown on Ti surfaces under
osteogenic conditions

In general, on day 10, inhibition of ERK1/2 increased
gene expression of osteoblast markers in cells grown on
both types of Ti surfaces (Table 1), although this
occurred mainly on Ti-Machined. The inhibition of
ERK1/2 increased expression of RUNX2, OSX, ALP,
and OC (P = 0.001 for all genes) in cells grown on Ti-
Machined (Table 1). In cells grown on Ti-Nano
(Table 1), inhibition of ERK1/2 did not affect expres-
sion of RUNX2 (P =0.177) or OSX (P = 0.620) genes
and increased the expression of ALP (P = 0.001) and
OC (P =0.001) genes. On day 10, inhibition of ERK1/
2 increased expression of RUNX2 protein in cells
grown on Ti-Machined (Fig. 2A, P = 0.017), without
affecting the expression of this protein in cells grown
on Ti-Nano (Fig. 2B, P = 0.315). On day 21, inhibition
of ERK1/2 did not affect extracellular matrix mineral-
ization in cultures grown on Ti-Machined (Fig. 3A,
P =0.330) but did reduce extracellular matrix mineral-
ization in cultures grown on Ti-Nano (Fig. 3B,
P =0.001).

Effect of inhibition of ERK1/2 on adipocyte
differentiation of MSCs grown on Ti surfaces under
adipogenic conditions

In general, on day 10, inhibition of ERK1/2 increased
gene expression of adipocyte markers in cells grown on

Fig. 1. High-resolution scanning electron micrographs of Ti-Machined (A) and Ti-Nano (B). Ti-Machined presents a smooth
surface and Ti-Nano exhibits a network of nanocavities (B). Scale bar: 200 ym (both images).
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Table 1

Gene expression and lipid accumulation in cells grown on Ti-Machined or on Ti-Nano in the presence or absence of the extracellular
signal-regulated kinases 1/2 (ERKI/2) inhibitor, PD98059 (25 uM)

Gene expression

RUNX2 OSX ALP ocC PPARy ADIPOQ AP2 Lipid accumulation
Ti-Machined 1.0 & 0.02 1.0 + 0.01 1.0 = 0.05 1.0 + 0.04 1.0 + 0.07 1.0 £+ 0.01 1.0 + 0.01 1.0 £+ 0.01
Ti-Machined 1.7 + 0.02* 4.8 £ 0.04* 2.5 £ 0.07% 2.6 £ 0.07% 2.7 £ 0.07% 2.5+ 0.02* 3.1 £0.02¥ 1.1 £0.02
+PD98059
Ti-Nano 1.0 + 0.01 1.0 £ 0.01 1.0 + 0.04 1.0 £ 0.01 1.0 £ 0.03 1.0 £ 0.02 1.0 + 0.02 1.0 + 0.01
Ti-Nano 0.9 + 0.01 1.1 &+ 0.01 1.5+ 0.01* 224 0.08% 1.7 £0.02* 1.4 +0.04* 1.6+ 0.04* 1.0+ 0.01
+PD98059

Values are given as fold change (mean + SD) on day 10.

The osteoblast markers runt-related transcription factor 2 (RUNX2), osterix (OSX), alkaline phosphatase (4LP), and osteocalcin (OC)
genes were evaluated under osteogenic conditions, and the adipocyte markers peroxisome proliferator-activated receptor gamma (PPARYy),
adiponectin (ADIPOQ), and adipocyte protein 2 (4P2) genes, and lipid accumulation, were evaluated under adipogenic conditions.

*Statistically significant difference (P < 0.05).
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Fig. 2. Effect of inhibition of extracellular signal-regulated
kinases 1/2 (ERK1/2) by PD98059 (25 uM) on expression of
runt-related transcription factor 2 (RUNX2) protein in cells
grown on Ti-Machined (A) and Ti-Nano (B) under osteogenic
conditions, on day 10. Inhibition of ERK1/2 increased expres-
sion of RUNX2 protein in cells grown on Ti-Machined (A),
but did not affect expression of this protein in cells grown on
Ti-Nano (B). The data presented are mean + SD (n = 3) and
the asterisks indicate a statistically significant difference
(P <0.05).

both Ti surfaces (Table 1). The inhibition of ERK1/2
increased expression of PPARy, ADIPOQ, and AP2
genes in cells grown on both Ti-Machined (Table 1,

Extracellular matrix mineralization
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Fig. 3. Effect of inhibition of extracellular signal-regulated
kinases 1/2 (ERK1/2) by PD98059 (25 uM) on extracellular
matrix mineralization in cultures grown on Ti-Machined (A)
and Ti-Nano (B) under osteogenic conditions, on day 21.
Inhibition of ERK1/2 did not affect extracellular matrix min-
eralization in cultures grown on Ti-Machined (A) but reduced
extracellular matrix mineralization in cultures grown on Ti-
Nano (B). Discs on the bars are representative of Alizarin
Red S stains for each experimental condition. The data are
presented as mean + SD (n = 5) and the asterisk indicates a
statistically significant difference (P < 0.05).

P=0.001 for all genes) and Ti-Nano (Table I,
P =10.005, P=0.001, and P=0.001 for each gene,
respectively). On day 21, inhibition of ERK1/2 did not
affect lipid accumulation in cultures grown on both Ti-
Machined (Table 1, P = 0.083) and Ti-Nano (Table 1,
P =0.083).



Discussion

This study aimed to evaluate the involvement of
ERK1/2 in osteoblast and adipocyte differentiation of
MSCs cultured on Ti-Machined and Ti-Nano. The
results showed that, in general, MSCs grown on Ti-
Machined are more responsive to these kinases, as inhi-
bition of ERK1/2 enhanced osteoblast and adipocyte
differentiation in a more noticeable way on Ti-
Machined than on Ti-Nano.

Considering the process of implant osseointegration,
osteoblasts and adipocytes constitute important cell
populations because they coexist and interact in bone
marrow (14, 15). These interactions should be consid-
ered in clinical situations because enhanced adipogene-
sis occurs in conjunction with decreased bone mineral
density in animal models and in elderly and osteo-
porotic populations (16-18). In this scenario, ERK1/2
exert a key role as they can affect both osteogenesis
and adipogenesis (12). Thus, our experimental design
was based on the use of PD98059 to inhibit ERK1/2 in
MSCs grown on Ti-Machined and Ti-Nano under
osteogenic and adipogenic conditions. The inhibition of
ERK1/2 favored the osteoblast genotype and pheno-
type of MSCs grown on Ti-Machined. In MSCs grown
on Ti-Nano, inhibition of ERK1/2 generated more
complex effects, upregulating ALP and OC genes with-
out affecting expression of RUNX2 and OSX genes.
Additionally, expression of RUNX2 protein was not
affected, while reduced extracellular matrix mineraliza-
tion was observed. Corroborating these findings, it has
been shown that inhibition of ERK1/2 upregulates the
gene expression of several osteoblast markers, such as
RUNX2, OSX, and OC in the mouse pre-osteoblastic
cell line, MC3T3-El, grown on a sand-blasted and
acid-etched rough Ti surface (11). One possible expla-
nation for this positive effect is that ERK1/2 could pre-
vent translocation of activated Smad to the nucleus,
thus suppressing the BMP signaling pathway (19, 20).
Consequently, the inhibition of ERK1/2 could potenti-
ate the BMP signaling pathway, leading to increased
expression of osteogenic markers. In contrast, the
responses of human osteosarcoma MG63 cells to
untreated, sand-blasted/acid-etched, and Ti plasma-
sprayed Ti surfaces were not affected by inhibition of
ERK1/2 (21). Although all studies used the same tool,
PD98059, to inhibit ERK1/2, differences regarding cell
source, commitment to the osteoblast lineage, and sur-
face topography scale (either micro or nano) reveal the
complexity of participation of ERK1/2 in osteoblast
differentiation induced by Ti surface topography.

Under adipogenic conditions, the inhibition of
ERK1/2 favored adipocyte differentiation of MSCs
grown on both types of Ti surface, as evidenced by
upregulation of PPARy, ADIPOQ, and AP2 genes,
without affecting the phenotype development, as evalu-
ated by lipid accumulation. Despite the negative impact
that this cell population may have on bone formation in
contact with Ti implant (22), the effect of Ti surfaces on
adipocyte differentiation and/or activity is underex-
plored, making comparisons of these results with data
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from the literature difficult or even unfeasible. However,
our findings are in agreement, to some extent, with the
reduced ERK activity detected during adipogenesis in
cultures of the ST2 mouse MSC line, the increased
ERK phosphorylation associated with reduced adipo-
cyte differentiation of mouse MSCs, and recovery of the
propyl gallate-inhibiting adipogenic potential of human
MSCs in response to ERK blocking (23, 24).

The osteogenic potential of Ti-Nano is related to its
ability to modulate signaling pathways involved in
osteogenesis, such as BMPs and integrins (7, 9, 10).
Here, a possible additional mechanism involving the
participation of ERK1/2 was investigated. Our results
indicate that, under osteogenic and adipogenic condi-
tions, MSC responses to Ti surface topography are
dependent on ERKI1/2. The inhibition of ERKI1/2
enhanced osteoblast and adipocyte differentiation of
MSCs grown on Ti-Machined. In addition, in MSCs
grown on Ti-Nano, inhibition of ERK1/2 favored adi-
pocyte differentiation and negatively affected the final
event observed in an osteogenic culture, namely extra-
cellular matrix mineralization. Thus, a fine-tune control
of ERK1/2 expression and activity may be considered a
good strategy to drive the balance between adipogenesis
and osteogenesis on Ti surfaces and consequently to
improve the process of implant osseointegration.
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