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Abstract: Biomaterial implantation in a living tissue triggers the activation of macrophages
in inflammatory events, promoting the transcription of pro-inflammatory mediator genes. The
initiation of macrophage inflammatory processes is mainly regulated by signaling proteins of
mitogen-activated protein kinase (MAPK) and by nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) pathways. We have previously shown that titania nanotubes
modified Ti surfaces (Ti/TiO,) mitigate the immune response, compared with flat Ti surfaces;
however, little is known regarding the underlying mechanism. Therefore, the aim of this study
is to investigate the mechanism(s) by which this nanotopography attenuates the inflammatory
activity of macrophages. Thus, we analyzed the effects of TiO, nanotubes on the activation of
MAPK and NF-xB signaling pathways in standard and lipopolysaccharide-evoked conditions.
Results showed that the Ti/TiO, significantly reduce the expression levels of the phosphorylated
forms of p38, ERK1/2, c-Jun NH,-terminal kinase (JNK), IKKf, and IkB-o. Furthermore,
a significant reduction in the p65 nuclear accumulation on the nanotubular surface was remarked.
Following, by using specific MAPK inhibitors, we observed that lipopolysaccharide-induced
production of monocyte chemotactic protein-1 and nitric oxide was significantly inhibited on
the Ti/TiO, surface via p38 and ERK1/2, but not via JNK. However, the selective inhibitor
for INK signaling pathway (SP600125) was effective in reducing tumor necrosis factor alpha
release as well as monocyte chemotactic protein-1 and nitric oxide production. Altogether,
these data suggest that titania nanotubes can attenuate the macrophage inflammatory response
via suppression of MAPK and NF-xB pathways providing a potential mechanism for their
anti-inflammatory activity.

Keywords: titania nanotubes, macrophage, mitogen-activated protein kinases, NF-xB,

inflammatory mediators

Introduction

The influence of surface topography in modulating macrophage activity is well known,
and it takes place through the activation of multiple intracellular signaling pathways
involved in the foreign body reaction, which in turn, will lead to the expression of
inflammatory cytokine genes.!”> Among the existing signaling pathways, mitogen-
activated protein kinase (MAPK) and nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB) signaling pathways are key regulators of the inflammatory
processes.** These pathways are known to be involved in the pro-inflammatory mediator
expression induced by lipopolysaccharide (LPS), having a critical role in the regulation
of cellular growth and differentiation as well as in controlling the cell behavior toward
cytokines and stress stimuli.® LPS-evoked signaling leads to the activation of these
signal transduction pathways, in either a myeloid differentiation factor 88-dependent
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or -independent manner.” The MAPK families are Ser and
Thr protein kinases, which are activated in response to vari-
ous extracellular stimuli and regulate essential cellular events
including macrophage-mediated inflammatory responses.’
The activation through phosphorylation of three major
MAPKs (p38 MAPK; ERK, extracellular signal-regulated
kinase; and JNK, c-Jun NH,-terminal kinase) has been shown
to promote inflammatory gene expression in LPS-induced
macrophages, thus controlling different steps in the pro-
inflammatory cytokine production process.*’ p38 MAPK is
a key player in the inflammatory responses and is involved
in stress-induced gene expression.>!!! In addition, p38 is
rapidly activated after LPS stimulation and was suggested to
have an important role in controlling the expression of tumor
necrosis factor (TNF)-o and inducible nitric oxide synthase
(iNOS).'? Similarly, ERK and JNK kinases are also known
as stress-activated proteins and are involved in LPS-induced
macrophage responses, increasing the production of pro-
inflammatory cytokines and iNOS.'?""> The activation of the
MAPK pathway is crucial for the subsequent activation of
LPS-induced NF-xB signaling complex.!®!” NF-xB is able
to bind to the specific promoter regions (that regulate the
transcription of inflammatory genes) and for this reason it is
a key regulator of inflammation.'® The NF-kB transcription
factor consists of p65 and p50 subunits, and is normally
located (when in resting state) in the cytoplasm, bound to
the inhibitory proteins IkBs (IkB-a., IkB-f, and IkB-g).">
The exposure of macrophages to pro-inflammatory stimuli
causes a rapid phosphorylation of the IkB protein at two
critical serine residues (Ser 32 and Ser 36) by IkB kinase
(IKK).2"#2 This results in IkB protein ubiquitination fol-
lowed by proteasome-mediated degradation, and then NF-xB
translocates to the nucleus to promote the transcription of
inflammation-associated target genes.”** Furthermore,
NF-xB is important for LPS-induced inflammation as it
regulates a plethora of inflammatory genes (including TNF-q,
IL-1, and iNOS) by binding to transcription-regulatory
elements in a nucleotide sequence-specific manner.*¢-28
Studies investigating the surface-dependent inflammatory
responses have shown that nanostructured surfaces are able to
mitigate the activation of macrophages by reducing the secre-
tion of the pro-inflammatory mediators.?*3* Moreover, surface
nanostructuring of Ti (or Ti alloys) can be easily performed
by electrochemical anodization, resulting in nanotubular
structures directly coated on the Ti substrate.*> For TiO, nano-
tubes, the activation of macrophages was shown to depend on
the nanotopography, that is the diameter of the nanotubes is
the key morphological parameter influencing inflammatory

responses (from diameters ranging from 30 to 100 nm, the
70 nm showed the weakest inflammatory response).*® Our
group has recently reported that TiO, nanotubes exhibited
a significant reduction in pro-inflammatory activity of LPS-
stimulated RAW 264.7 macrophages with respect to cytokine/
chemokine gene expression and protein secretion, and nitric
oxide (NO) release, as compared with titanium flat surface.*
This attenuation effect of titania nanotubes was sustainable
in long-term culture, as remarked by the decrease in the
percentage of macrophage fusion into multinucleated cells
at 7 days postseeding, as compared with commercial pure
titanium (cpTi). More than that, under LPS-treatment, these
cells adopted the morphology of foreign body giant cells
(a hallmark histological feature of the chronic inflammation
and foreign body response) only on the cpTi surface.

With these data as background, we further aimed to iden-
tify the molecular targets for TiO, nanotubular surfaces and to
correlate the inhibition of specific signaling proteins with the
inhibitory action on the release of pro-inflammatory media-
tors (eg, TNF-o, monocyte chemotactic protein-1 [MCP-1]
and NO). To the best of our knowledge, this is the first study
that investigates the immunomodulatory properties of titania
nanotubes by assessing the activation of the involved sig-
naling pathways. RAW 264.7 murine macrophage cell line
was used as cellular model and can be activated with LPS to
simulate infection and inflammatory conditions through bind-
ing to Toll-like receptor 4. Toll-like receptor 4 stimulation
activates the downstream MAPK and NF-kB pathways that
are essential in cytokine and chemokine production.*® There-
fore, the early activation of MAPKs and NF-kB pathways
was investigated as to identify the mechanism(s) underlying
the inhibitory effect of TiO, nanotubes on the macrophage
inflammatory activity (for comparative purposes, flat Ti
surfaces were used as control samples, in both the standard
and pro-inflammatory culture conditions).

Finally, one has to point out that optimization of the
immunomodulatory potential of implants using defined sur-
face topographies is important for implant osseointegration,
and it is also beneficial for the biomaterials design and their
eventual clinical use.

Materials and methods

Samples preparation and characterization
TiO, nanotubes were prepared by electrochemical anodization
of Ti foils (Advent, 0.1 mm thickness, purity >99.6%) as pre-
viously described.* Briefly, the nanotubes are grown in a two-
electrode configuration (sample —anode, Pt grid — cathode) in
a Glycerol:H,0 (60:40 vol%) +0.5 wt% NH, F electrolyte at 20
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V for 2 hours (using a sweep ramp of 0.1 V s7').%* Before anod-
ization, the Ti foils were cleaned by ultrasonication (acetone,
ethanol, and water — for 5 minutes each). The morphology
and properties of the samples were investigated using scan-
ning electron microscopy (Hitachi FE-SEM S4800), atomic
force microscopy (A.P.E. Research, Trieste, Italy), and contact
angle (CA) measurements (Contact Angle Meter—CAM 100,
KSV Instruments Ltd, Helsinki, Finland). Ti foils cleaned by
ultrasonication are used as control samples (cpTi). Before
cell culture experiments, samples were cleaned by soaking in
70% ethanol and sterile-filtered Milli-Q water for 30 minutes
each, and then air-dried and exposed to ultraviolet light for
30 minutes on each side, in a sterile culture hood.

Cell culture

The murine macrophage line, RAW 264.7 — purchased from
American Type Culture Collection (ATCC, Manassas, VA,
USA, TIB-71™), was maintained in Dulbecco’s Modified
Eagle’s Medium supplemented with 10% fetal bovine
serum, 100 U-mL"! penicillin and 100 pg-mL™" streptomycin.
Macrophages were incubated at 37°C in the presence of 5%
CO,-humidified air and were routinely passaged using a cell
scraper and replated in tissue culture flasks at a ratio of 1:6
when they reached ~80% confluence. None of the cell cultures
undergone contact inhibition that could produce changes in
MAPK or NF-kB signaling. Cells at passages 5—10 were used
for the experiments. RAW 264.7 cells were plated in triplicate
onto the Ti/TiO, and cpTi surfaces for specific time periods
and at different initial cell densities. Thus, to investigate the
protein phosphorylation status of the specific inflammatory
signaling molecules, cells were seeded at a population density
of 5x10* cells-cm™, maintained in culture for 24 hours and
then were treated with 1 pg-mL™" LPS for 10 and 30 minutes,
respectively. For indirect immunofluorescent labeling,
macrophages were seeded at 1.5x10* cells-cm™ and left to
adhere for 24 hours. To study NF-kB translocation, the cells
were stimulated with 1 ug-mL~" LPS for 10 and 30 minutes.
To assess the level of cytoplasmic IkB-o phosphorylation,
the RAW 264.7 macrophages were treated with the same
stimulatory concentration of LPS for 5, 10, and 30 minutes.

Cell lysate preparation

LPS-stimulated and non-stimulated macrophages were washed
once with ice-cold phosphate buffered saline (PBS). After
removing PBS, the cells were lysed in lysis buffer (20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM disodium ethylene-
diaminetetraacetate, 1 mM ethylene glycol tetraacetic acid,
1% Triton, 20 mM sodium pyrophosphate, 25 mM sodium

fluoride, 1 mM B-glycerophosphate, | mM Na,VO,, 1 ug-mL"!
leupeptin, I mM phenylmethylsulfonyl fluoride) by incubation
on ice for 2 minutes. This lysate solution was stored at —80°C in
single-use aliquots until required. The Bio-Rad protein assay,
based on the method of Bradford, was performed to determine
the protein concentrations in the cell lysates. The optical density
was evaluated at 595 nm using a microplate reader (Appliskan,
Thermo Scientific, Waltham, MA, USA).

ELISA determination of phosphorylated
p38, ERK1/2,and JNK

To determine the intracellular level of phosphorylated p38,
ERK1/2, and INK, we used a DuosetIC enzyme-linked immu-
nosorbent assay (ELISA) kit according to the manufacturer’s
instructions (R&D Systems, Inc., Minneapolis, MN, USA).
An immobilized capture antibody specific for p38, ERK1/2
or JNK binds both phosphorylated and unphosphorylated
proteins. After incubation with cell lysates followed by wash-
ing away unbound material, a biotinylated detection antibody
is used to detect only phosphorylated forms of MAPKSs, utiliz-
ing a standard Streptavidin — horseradish peroxidase (HRP)
format. The optical density was recorded at 450 nm using a
microplate reader (Thermo Scientific Appliskan).

ELISA assay of phospho-IKK[3

The endogenous level of phosphorylated IKK3 was detected
using a solid phase sandwich ELISA kit, according to the
manufacturer’s instructions (PathScan Phospho-IKK[3
[Ser177/181] Sandwich ELISA Kit, Cell Signaling Tech-
nology, Inc., Danvers, MA, USA). A phospho-IKKJ rabbit
monoclonal antibody has been coated onto the microw-
ells. After incubation with cell lysates, phospho-IKKf3
(Ser177/181) protein is captured by the coated antibody.
Following extensive washing, an IKKf mouse detection
monoclonal antibody is added to detect the captured IKK[3
protein. Anti-mouse IgG, HRP-linked antibody is then used
to recognize the bound antibody. HRP substrate, 3,3",5,5’-
tetramethylbenzidine, is added to develop color. The optical
density was recorded at 450 nm using a microplate reader
(Appliskan, Thermo Scientific). The magnitude of the absor-
bance for the developed color is proportional to the quantity
of phospho-IKKp (Ser177/181).

Immunofluorescence staining

RAW 264.7 cells were seeded for 24 hours, onto each
sample, to detect the phosphorylated IkB-o protein and
NF-kB p65 subunit by immunofluorescence microscopy.
After stimulation with LPS for specified times, the cells were
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fixed with 4% paraformaldehyde in PBS for 15 minutes and
permeabilized and blocked with a solution containing 0.1%
Triton X-100 and 2% bovine serum albumin for 30 minutes,
at room temperature. After washing with PBS, polyclonal
antibodies against NF-xB-p65 or phospho-IkB-o. were
applied for 2 hours followed by 20 minutes incubation with
Alexa Fluor 488- and Alexa Fluor 546-conjugated specific
secondary antibodies, respectively. Nuclei were stained with
4’ 6-diamidino-2-phenylindole (DAPI, 2 ug-mL™), and the
fluorescence was visualized using an inverted fluorescence
microscope Olympus IX71. Representative microscopic fields
were captured using Cell F software. To quantify NF-xB
nuclear translocation, the cells with or without p65 colocaliza-
tion with the nucleus were counted, using the ImageJ analysis
software. The percentage of cells exhibiting nuclear localiza-
tion of p65 was calculated and graphically represented.

Assessment of TNF-o, MCP-1,and NO
production in the presence of specific

MAPK inhibitors

To determine if inhibition of p38, ERK1/2, or JNK contributes
to the attenuation of the macrophage inflammatory response
to titania nanotubes, RAW 264.7 cells were grown in con-
tact with the tested substrates for 18 hours, and then were
exposed to specific inhibitors: SB202190 for p38, U0126
for ERK1/2, and SP600125 for JNK (Sigma—Aldrich Co.,
St Louis, MO, USA) for 1 hour. Then, the macrophages were
additionally incubated for 24 hours under standard (—LPS)
and pro-inflammatory (1 pg-mL™" LPS) culture conditions.
The concentration chosen for MAPK inhibitors (50 uM)
was selected considering the smallest inhibitor concentra-
tion able to induce statistically significant results, without
considerably affecting the cell viability. Cell culture media
were collected and stored at —80°C before measurements of
TNF-a, MCP-1, and NO production — these measurements
were performed as previously described.*

Statistical analysis

The data values are presented as mean + standard deviation.
Statistical significance was determined using one-way analy-
sis of variance with Bonferroni’s multiple comparison tests.
A probability of P<<0.05 was considered significant.

Results
Synthesis and characterization of titania

nanotubes
The morphological and chemical characterization of the
nanotubular surface used in the present work was previously

described.” Briefly, the morphology of TiO, nanotubes
consists of ~78 nm diameter, ~1 um length, and ~18 nm
tube spacing (the top morphology is shown in Figure 1A).
In addition, the nanotubular surface exhibits a higher
roughness and hydrophilicity than the flat surface of cpTi,
that is, the nanotubular samples have an average roughness
of 104.1 nm and CA of 22.6°, while c¢pTi has an average
roughness of 28.1 nm and a less hydrophilic surface with
aCA of 75.4°3

Effects of titania nanotubes on p38,
ERK/2,and JNK activation in RAW
264.7 cells

To elucidate whether the inhibition of the secretion of inflam-
matory mediators by the surface of Ti/TiO, is mediated
through the activation of MAPK signaling pathways, we
evaluated several key MAPK signaling molecules (ie, p38,
ERK1/2, and JNK) in both standard and LPS-stimulated
culture conditions, by ELISA studies. Figure 1B indicates
that the LPS treatment induced a strong phosphorylation of
p38 and ERK1/2 that peaks at 10 minutes and decreases for
the 30 minutes incubation times. In the case of INK, only a
weak phosphorylation after the LPS treatment was observed
at 10 minutes and a slight decrease at 30 minutes. Moreover,
the exposure of RAW 264.7 macrophages to Ti/TiO, sub-
strates significantly suppressed the phosphorylation of all
studied MAPKSs at both time points as compared with cpTi
(P<<0.001). More importantly, the nanotopography-dependent
inhibition effect was also observed in the absence of the pro-
inflammatory stimulus with a significance of P<<0.001 for
p38 and JNK and P<<0.05 for ERK1/2 (Figure 1B). These
results indicate that the attenuation of macrophage activa-
tion by titania nanotubes might be exerted, at least in part,
by blocking the activation of the MAPK signal transduction
pathway.

Surface-dependent phosphorylation of
IKKB and IkB-ou in RAWV 264.7

macrophages

Following, we investigated the inhibitory effect of the
nanotubular surface on NF-kB activation by assessing the
phosphorylation level of IKKp protein and the expression
level of phospho-IkB-o (p-IkB-ct), by ELISA studies and
immunofluorescence analysis, respectively. As depicted in
Figure 2A, the stimulation of cells with LPS resulted in a
rapid phosphorylation of IKK on Ser 177/181, reaching
a maximum intensity level after 10 minutes and decreas-
ing almost to the basal level at the 30 minutes time point.
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Figure | (A) A top-view SEM image of TiO, nanotubes (Ti/TiO,). (B) Effects of Ti/TiO, surface vs cpTi on p38, ERK/2, and JNK activation in the absence or presence of

LPS in RAW 264.7 macrophages.

Notes: Cells were allowed to adhere on the surfaces for 24 hours and then incubated with | pg-mL™" LPS for specified times. Phosphorylated proteins were detected by the
ELISA technique as described in Materials and methods. The data are expressed as mean + SD. *P<<0.05; ***P<<0.001.

Abbreviations: cpTi, commercial pure titanium; SEM, scanning electron microscope; JNK, c-Jun NH,-terminal kinase; LPS, lipopolysaccharide; ELISA, enzyme-linked
immunosorbent assay; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; SD, standard deviation; vs, versus.

Comparing with the reference material (cpTi), it is evident
that the contact between RAW 264.7 cells and Ti/TiO,
surface leads to a significant inhibition of the LPS-induced
phosphorylation of IKKP at both tested poststimulation time
points, that is, 10 and 30 minutes (P<<0.001), as well as in

the absence of the pro-inflammatory stimulus (untreated
macrophages, P<<0.01). Further, IkB-o. phosphorylation
was studied by immunofluorescence staining to investigate
its involvement in the inhibitory effect of TiO, nanotubes on
pro-inflammatory activation of macrophages. The cytosolic
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Figure 2 Effects of Ti/TiO, nanotubular vs flat surface on IKKB and IkB-o. phosphorylation.

Notes: (A) RAW 264.7 cells were allowed to adhere on the substrates for 24 hours prior to stimulation with | pg-mL™" LPS for specified times. The concentration of
phospho-IKKp in cell lysates was analyzed by the ELISA technique. The data are expressed as mean £ SD. *P<<0.01; ***P<0.001. (B) Fluorescent immunodetection of
p-IkB-ot in untreated and LPS (I ug-mL™', for 10 minutes) stimulated macrophages using specific anti-p-IkB-o. antibody (red). Nuclei were stained with DAPI (blue). Scale bar

represents 20 um.

Abbreviations: cpTi, commercial pure titanium; DAPI, 4’,6-diamidino-2-phenylindole; ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; OD, optical

density; SD, standard deviation; vs, versus.

expression of p-IkB-oo was observed even at 5-minute
poststimulation, and was visible up to 30 minutes (data not
shown). Within 10 minutes of LPS stimulation, a high level
of phosphorylated IkB-o. was remarked onto the surface
of ¢pTi, while the nanotubular surface maintained a low
expression level of p-IkB-o. in the cytoplasm but with a slight
increase as compared with untreated cultures (Figure 2B).
The suppression of IKKf and IkB-a phosphorylation by
surface nanotopography is an essential event that is associ-
ated with the subsequent inhibition of NF-kB translocation

into the nucleus.

TiO, nanotubes inhibit NF-kB activation
and p65 nuclear translocation in RAW
264.7 cells

The activation of IKK phosphorylates the inhibitory IkB-o.
protein, leading to its degradation and the subsequent
release of the NF-kB complex, which then translocates into
the nucleus as to activate the transcription factors of the
pro-inflammatory genes. To examine the NF-xB nuclear
translocation, we performed immunocytochemistry studies
on the p65 subunit of NF-xB. The fluorescent images show
that for untreated macrophages, p65 was sequestered in the

submit your manuscript

6460

Dove

International Journal of Nanomedicine 2015:10


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Attenuation of macrophage inflammatory activity by titania nanotubes

cytoplasm, whereas for LPS-stimulated macrophages p65
appeared in both the cytosol and the nuclear zone (Figure 3A).
Furthermore, as shown in Figure 3B, LPS-induced a rapid
nuclear accumulation of p65, peaking at 10 minutes and
slowly decreasing in time. The percentage of cells display-
ing a NF-xB shift to the nucleus was significantly higher
(P<<0.001) on the flat Ti surface as compared with Ti/TiO,,
for non-stimulated and LPS-stimulated (10 minutes and
30 minutes) macrophages. Moreover, a slight increase in
the NF-xB nuclear accumulation upon LPS-stimulation was
remarked on the nanotubular surface, while the cpTi surface

elicited a marked enhancement of NF-kB nuclear transloca-
tion. Consequently, Ti/TiO, nanotubes inhibited the nuclear
translocation of the NF-kB p65 subunit, after the subunits
were dissociated from IkB-o.

Involvement of MAPK activation in
synthesis of TNF-a,, MCP-1,and NO by
murine RAW 264.7 cells

To further determine whether the inhibition of MAPKs
contributes to the attenuation of macrophage inflammatory
activity by TiO, nanotubes, we have investigated the effect

NF-xB-p65 translocation
+LPS

A -LPS

cpTi

TilTiO,

B
307 | mm cpTi
- B Ti/TiO,
82
©
S 5 20-
c 5
£8
2= .
PR
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3 > *kk
0_
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Minutes 0

Figure 3 Effects of titania nanotubes vs cpTi on the nuclear translocation of NF-kB-p65.

10 30

Notes: (A) Fluorescent imaging of p65 in untreated and LPS-stimulated RAW 264.7 macrophages. Scale bar represents 10 um. (B) Percentage of cells displaying nuclear
accumulation of p65. Comparison was made between Ti/TiO, and cpTi at 10 and 30 minutes poststimulation on six representative microscopic fields. The data are expressed

as mean £ SD. ¥*P<0.001.

Abbreviations: cpTi, commercial pure titanium; LPS, lipopolysaccharide; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; SD, standard deviation; vs, versus.
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of specific MAPK inhibitors on the secretion of TNF-a,
MCP-1, and NO by RAW 264.7 macrophages. A pretreat-
ment of the cells with specific inhibitors (ie, SB202190 — p38
inhibitor, U0126 — ERK inhibitor, and SP600125 — JNK
inhibitor) led to a decrease in the release of all analyzed pro-
inflammatory mediators, both in the presence and absence of
LPS (Figures 4 and 5). As shown in Figure 4, pretreatment

TNF-a:: no LPS (-)
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with the ERK 1/2-specific inhibitor (U0126) led to a dramati-
cally diminished cytokine and chemokine expression in both
culture conditions. Interestingly, under pro-inflammatory
culture conditions (+LPS), a significant reduction in the
release of TNF-o and MCP-1 on the surface of Ti/TiO, was
observed when RAW 264.7 cells were treated with the p38
(SB202190) and ERK (U0126) inhibitors. The only exception
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Figure 4 Effects of selective inhibitors of p38 (SB202190), ERK1/2 (U0126), and JNK (SP600125) on the production of TNF-o. and MCP-1.
Notes: Cells were allowed to adhere on the samples for 18 hours, then were incubated with specific MAPK inhibitors for | hour and further treated with | pug-mL™' LPS
for 24 hours. The secreted pro-inflammatory factors were detected in cell culture media using ELISA assay. The data are expressed as mean + SD. *P<<0.05; **P<<0.01;

#**p<0.001.

Abbreviations: cpTi, commercial pure titanium; ELISA, enzyme-linked immunosorbent assay; JNK, c-Jun NH,-terminal kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated
protein kinase; MCP-1, monocyte chemotactic protein-1; TNF-o, tumor necrosis factor o; ERK, extracellular signal-regulated kinase; SD, standard deviation; vs, versus.
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Figure 5 Nitrite concentrations in the cell culture media of LPS-stimulated
macrophages under influence of selective inhibitors of p38 (SB202190), ERKI/2
(U0126), and JNK (SP600125).

Notes: Cells were allowed to adhere on the samples for 18 hours, then were
incubated with selective MAPK inhibitors for | hour and further treated with
| ng-mL"' LPS for 24 hours. Nitrite accumulation in cell culture media was assessed
by Griess reaction. The data are expressed as mean * SD. *P<<0.05; ***P<0.001.
Abbreviations: cpTi, commercial pure titanium; JNK, c-Jun NHZ-terminaI kinase;
LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; ERK, extracellular
signal-regulated kinase; SD, standard deviation.

is for the JNK inhibitor (SP600125), which was ineffective
in blocking the LPS-induced MCP-1 release. The above
results suggest that ERK1/2 and p38 MAPK may constitute
critical components in nanotopography-dependent regula-
tion of TNF-oe and MCP-1 release by macrophages. On the
contrary, inhibition of the JNK signaling pathway contributes
to the inhibitory action of titania nanotubes on LPS-induced
TNF-o release, but not on MCP-1.

Similarly, we investigated the inhibitory mechanism of
the Ti/TiO, surface on LPS-stimulated NO production by
RAW 264.1 macrophages. As shown in Figure 5, all three
MAPK inhibitors lead to an inhibition of the LPS-induced
nitrite accumulation and titania nanotubes attenuated NO
production. Significant differences between the two surfaces
were determined in the presence of U0126 and SB202190,
suggesting that this nanoarchitecture inhibits NO production
by blocking (at least partially) the ERK1/2 and p38 signal
transduction pathways.

It is worth mentioning that, at the concentrations used, the
MAPK inhibitors did not significantly affect cell viability,
which was assessed by MTT assay (results not shown).

Discussion

Our previous study demonstrated that TiO, nanotube layers
exhibited significantly decreased inflammatory activity of
macrophages, as compared with flat cpTi surface.”® However,

the possible mechanism(s) underlying such cell behavior has
not been explored yet. Hence, to demonstrate the molecular
mechanism(s) that could explain the attenuation of mac-
rophage inflammatory activity by titania nanotubes, we used
the RAW 264.7 cell line that can be stimulated with LPS
to mimic a state of infection and inflammation. The TiO,
nanotubular structures have a specific morphology with a
mean diameter of ~78 nm and tube spacing of ~18 nm. The
morphology of'the selected TiO, nanotubes is close in dimen-
sions to the one (70 nm diameter) reported to exhibit the best
advantage in terms of diameter size by producing the weakest
macrophage inflammatory response® and by achieving the
most favorable level of success for in vivo osseointegration.’’
There are few studies investigating the signaling pathways
directly involved in the macrophage response to alterations
on the surface of the material. Recently, Waterfield et al*®
evaluated the early activation of the NF-xB pathway in RAW
264.7 macrophages in response to Ti surfaces with different
roughness, for example, mechanically polished (PO), coarse
and blasted (CB), acid etched (AE), and sandblasted and
acid etched (SLA) Ti surfaces. The authors observed that
PO and coarse and blasted surfaces exhibited the highest
level of activation, followed by AE and SLA surfaces; thus
stating that the activation of NF-kB pathway is topography-
dependent. Moreover, Ghrebi et al* demonstrated that these
surface topographies can differently activate the components
of the ERK1/2 signaling pathway. Namely, the PO surface
induced an increase of ERK activation over time, while
ERK1/2 phosphorylation decreased on SLA and AE sur-
faces. Likewise, nuclear translocation of pERK1/2 tended
to increase in time on PO surface, but decreased on SLA
and AE surfaces. These studies®*® suggest that the surface
topography interferes with macrophage-signaling pathways,
subsequently affecting the cellular functions.

To explore whether the Ti/TiO, surface has an effect on
the activation of p38, ERK1/2 and JNK signaling molecules,
macrophages were grown onto the studied biomaterials (in
the presence or absence of LPS) and the time-dependent
phosphorylation of these proteins was assessed by the
ELISA technique. There are ample literature data indicating
that LPS is a potent inductor able to trigger the activation
of MAPKs and NF-kB signaling pathways.>?2728394 Qur
results confirm this statement, that is, the early activation of
p38, ERK1/2, and INK occurred quickly in LPS-treated mac-
rophages. The phosphorylation level peaked at 10 minutes
after LPS stimulation and the intensity appeared to decrease
until 30 minutes. Moreover, Ti/TiO, surface induced a signifi-
cant reduction in the phosphorylated states of ERK1/2, p38,
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and JNK over time, as compared with cpTi. These findings
clearly suggest that TiO, nanotubes exert their protective
effects against inflammatory responses partly by blocking
the MAPK signaling pathways.

Next, we demonstrated that the nanotubular surface inhib-
its the activation of NF-xB and its subsequent translocation
to the nucleus. As already presented, NF-kB is sequestered
in the cytosol (by the inhibitor of NF-kappa B [IkB-o]
protein)® and its activation requires the activation of the IKK
complex.* The activation of IKKJ is associated with IkB-ot
phosphorylation and its subsequent degradation, followed by
the migration of p65 subunit to the nucleus.?*+3%4” We have
shown that the Ti/TiO, surface significantly diminished the
NF-kB activation by inhibiting the IKK phosphorylation
and suppressing the formation of phosphorylated IkB-c,
thus leading to the reduction of p65 nuclear translocation.

LPS

Therefore, the inhibition of IKK[ can constitute a possible
mechanism of action by which titania nanotubes inhibit
the NF-kB signaling pathway. Moreover, the inhibition of
this pathway has been recently linked to an increase in the
hydrophilic character of the cellular substrate.* More pre-
cisely, immunofluorescence and Western blotting studies
highlighted a lower expression of nuclear NF-kB-p65 in
macrophages cultured on hydrophilic Ti-H,O, surface than
on hydrophobic Ti-polished surfaces. Consequently, we
cannot rule out that the inhibitory effects of Ti/TiO, on
the NF-kB signal transduction pathway can also be partly
due to the hydrophilicity of this surface (Ti/TiO, have a
hydrophilic CA of 22.6°).% Furthermore, several reports
indicated the involvement of MAPKs in the regulation of
NF-xB activation through phosphorylation of IkB-o..”-1¢4%-!
Thus, TiO, nanotubes might partially contribute to the

Pro-inflammatory
protein secretion

Cytoplasm

Nucleus

|
Pro-inflammatory
gene expression

Figure 6 A schematic diagram showing the proposed mechanisms underlying the attenuation of the macrophage inflammatory response by TiO, nanotubes.

Notes: Nanotubular TiO, surface acts through significant suppression of LPS-induced NF-kB activation, an event correlated with its inhibitory effect on LPS-induced IkB
kinase (IKK) activation, IkB-o. phosphorylation (by IKKP and, possibly, MAPKs), nuclear translocation of p65-NF-kB, and also through suppression of MAPK (ERK, p38, and
JNK) phosphorylation. Solid arrows indicate the main inflammatory pathways activated by challenging the RAW 264.7 cells with LPS. The oblic dashed arrow indicates the
potential involvement of MAPK in the regulation of NF-xB activation. The dotted arrows show the regulation of the pro-inflammatory gene expression. The right side vertical
solid arrows denote the down-regulation of pro-inflammatory gene expression and protein secretion. The right side dashed arrow indicates the direct relationship between
the level of protein secretion and that of gene expression. The blunt lines (=) indicate the inhibition by Ti/TiO, surfaces. The oval dashed line illustrates the degradation of
the phosphorylated IkB-alpha. Yellow “P” symbol denotes the phosphorylated biomolecules.

Abbreviations: ERK, extracellular signal-regulated kinase; [NK, c-Jun NHZ-terminaI kinase; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; NF-xB, nuclear
factor kappa-light-chain-enhancer of activated B cells.

submit your manuscript

6464

International Journal of Nanomedicine 2015:10
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Attenuation of macrophage inflammatory activity by titania nanotubes

suppression of NF-kB activation by reducing the amounts
of phosphorylated MAPKs.

In addition, many independent studies have shown that
the MAPK pathways are involved in the upregulation of
LPS-induced pro-inflammatory mediators.”13-1517:2651-56 Tg
establish the level of implication of these signaling pathways
in reducing the macrophage activation by nanotubular struc-
ture, the effect of selective MAPK inhibitors on the secretion
of TNF-o, MCP-1, and NO was investigated. Upon treatment
of RAW 264.7 cells with LPS and the ERK1/2 and p38 inhibi-
tors, the production of all three analyzed proinflammatory
mediators was significantly reduced, while the JNK inhibi-
tor (SP600125) significantly suppressed only the TNF-a
production. These results indicate that titania nanotubes
exert protective effects against inflammation, through their
downregulating effects on the production of MCP-1, NO, and
TNF-0, by regulating ERK/p38 and ERK/p38/JNK pathways,
respectively. Furthermore, the immuno-suppressive effects of
TiO, nanotubes might be associated with the inactivation of
NF-KB signaling pathway as a result of the decrease in IKK[3
and IkB-o phosphorylation and subsequent inhibition of the
NF-kB-p65 nuclear translocation (Figure 6). Moreover, some
studies indicate that the NF-kB transcription factor plays an
important part in the regulation of genes encoding the pro-
inflammatory cytokines, adhesion molecules, chemokines,
growth factors, and inflammation-associated enzymes.’>7-¢

The present molecular modeling study suggests that the
suppressive effects of Ti/TiO, on RAW 264.7 activation
depend on two signaling pathways that are closely involved
in the inflammatory processes (Figure 6). Specifically, it
was demonstrated that such nanotubular surfaces lead to the
attenuation of macrophage inflammatory responses through
the simultaneous inactivation of the p38/ERK/INK MAPK
and NF-xB pathways.

Conclusion

To elucidate the possible mechanism(s) underlying the
surface-dependent mitigation of the macrophage inflamma-
tory response by TiO, nanotubes, the level of activation of
MAPK and NF-«B signaling pathways by these modified
surfaces was investigated, as compared with flat cpTi sur-
face. It was observed that TiO, nanotubes suppressed the
LPS-induced phosphorylation of MAPKs (ERK1/2, p38, and
JNK), IKKp, and IkB-a, and inhibited the nuclear transloca-
tion of NF-kB-p65 as well. Together with the reduced level
of inflammatory mediators secreted into the culture media
(such as MCP-1, TNF-a, and NO) in the presence of selective
MAPK inhibitors, we can conclude that the attenuation of the

macrophage inflammatory response by TiO, nanotubes may
depend primarily on the suppression of MAPK (ERK1/2, p38,
JINK) phosphorylation and NF-kB activation. Consequently,
TiO, nanotube-modified surfaces are potential candidates
for biomaterials with protective effects against inflammatory
responses.
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