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Osteopontin (OPN) is a proinflammatory cytokine that can be secreted from many cells, including activated macrophages and T-
lymphocytes, and is widely distributed in many tissues and cells. OPN, a key factor in tissue repairing and extracellular matrix
remodeling after injury, is a constituent of the extracellular matrix of the central nervous system (CNS). Recently, the role of
OPN in neurodegenerative diseases has gradually caused widespread concern. Microglia are resident macrophage-like immune
cells in CNS and play a vital role in both physiological and pathological conditions, including restoring the integrity of the CNS
and promoting the progression of neurodegenerative disorders. Microglia’s major function is to maintain homeostasis and the
normal function of the CNS, both during development and in response to CNS injury. Although the functional mechanism of
OPN in CNS neurodegenerative diseases has yet to be fully elucidated, most studies suggest that OPN play a role in pathogenesis
of neurodegenerative diseases or in neuroprotection by regulating the activation and function of microglia. Here, we summarize

the functions of OPN on microglia in response to various stimulations in vitro and in vivo.

1. Introduction

Osteopontin (OPN) is a proinflammatory cytokine that can
be secreted from many cells, including activated macrophages
and T-lymphocytes, and is widely distributed in many tissues
and cells [1]. OPN has been shown to be a constituent
of the extracellular matrix of the central nervous system
(CNS) [2, 3]. Recently, OPN has been studied in several
physiological and pathological conditions where its produc-
tion is upregulated in response to either inflammation or
injury [2], especially in CNS. It has been reported that
OPN play a role in neurodegenerative diseases such as
multiple sclerosis (MS) [4, 5], Parkinson’s disease (PD) [6,
7], and Alzheimer’s disease (AD) [8, 9]. Microglia are the
resident macrophage-like immune cells in CNS and play a
vital role in both physiological and pathological conditions,
including restoring the integrity of the CNS and promoting
the progression of neurodegenerative disorders [10]. Under
physiological conditions, most microglia remain in a resting
state. In a variety of pathological conditions of CNS, such as
brain trauma [11], cerebral ischemia [12], infection [13], and
degenerative diseases [14], microglia can rapidly participate
in the pathophysiology of brain damage via its activation,

proliferation, migration, phagocytosis, and expression of
inducible nitric oxide synthase (iNOS), nitric oxide (NO),
and a number of proinflammatory cytokines [15]. Based on
the effect of OPN and microglia reported recently, most
studies suggest that OPN play a role in pathogenesis of
neurodegenerative diseases or in neuroprotection by regulat-
ing the activation and function of microglia [16-18]. Thus,
we will sum up the effect of OPN on microglia in several
aspects including proliferation, migration, phagocytosis, and
expression of proinflammatory cytokines.

2. The Characteristics of OPN

Osteopontin (OPN) is a highly negatively charged phos-
phoglycoprotein, which can be synthesized and secreted by
different kinds of cells, including osteoblasts, fibroblasts,
epithelial cells, vascular smooth muscle cells, a variety of
tumor cells, activated T cells, and macrophages [1,19-23]. It is
widely distributed in many tissues like bone, kidney, muscle,
and bladder and is also found in biological fluids, such as
milk, urine, blood, and seminal fluids [24].

OPN is expressed by a single-copy gene with a 34-kDa
nascent protein composed of 300 amino acid residues. The
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human gene contains 7 exons and maps to the long arm of
chromosome 4 (4q21-23) [25], whereas, in a mouse, the gene
is situated at chromosome 5 locus of the Rickettsia Resistance
Gene while a pig gene is on chromosome 8. The molecular
weight of OPN is between 44 KD and 66 KD, depending on
the particular species and the type of cell [26], of which
aspartic acid, serine, and glutamic acid residues account for a
higher proportion. OPN has a specific amino acid sequence
(Arg-Gly-Asp) and is also termed RGD-containing protein,
which is a unique structure in the protein that mediates cell
attachment [24]. There are two subtypes of OPN, the secre-
tory OPN (sOPN) and the intracellular OPN (iOPN) [27].
The sOPN works by binding to the extracellular receptors
expressed by the target cells while the iOPN acts by binding
to MyD88, which is located in the downstream of the toll-
like receptor. In vivo, both kinds of OPN can be involved in
the immune regulation process through different pathways.
OPN receptors include integrins and CD44 families, mainly
distribute in astrocytes, osteoclasts, T cells, vascular smooth
muscle cells, and the surface of macrophages [28]. OPN bind
to the receptors to promote cell chemotaxis, adhesion, and
migration and participate in bone resorption, inflammation,
and immune processes [1].

As mentioned earlier, OPN is a constituent of extracel-
lular matrix of normal CNS, playing a key role in tissue
repairment and extracellular matrix remodeling after an
injury. More recently, the role of OPN in neurodegenerative
diseases has gradually attracted people’s attention.

3. The Characteristics of Microglia

The CNS consists of neurons and glial cells, with the quantity
of glial cells being ten times the amount of neurons [29].
Glial cells include macroglia and microglia, and the microglia
account for 5% to 20% of the total number of glial cells [29,
30], equal to the number of neurons [31, 32]. Microglia, widely
spread in all brain regions are cells of the mononuclear-
phagocyte lineage [33]. As the resident immune effective
cells of the CNS, microglia mediate immune-related pro-
cesses [34]. Under physiological conditions, most microglia
remain in a resting state, with ramified processes constantly
retracting from the surrounding neural tissues. During a
pathological stimulation the microglia get rapidly activated
in response to even minor pathological changes in the
CNS, becoming the earliest reaction cells after a CNS injury
[11, 12, 35]. This immune function and wild distribution
enable microglia to play an important role in maintaining
homeostasis and repair the damaged CNS [31].

Recent studies have revealed the regional microglial
diversity and heterogeneity [36, 37]. Grabert et al. performed
the first genome-wide analysis of microglia from discrete
brain regions across the adult lifespan (at three different
ages) of the mouse. Their study revealed microglia as richly
diverse cells under steady-state conditions and that microglial
aging occurs nonuniformly in a region-dependent manner.
They indicated that augmentation of the distinct cerebellar
immunophenotype and a contrasting loss in distinction of the
hippocampal phenotype among forebrain regions were key
features during aging [37]. These findings may explain why
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neurodegeneration often occurs in disease-specific spatially
restricted patterns.

Microglia are the main cells involved in the immune
and inflammatory reactions in the neurodegenerative dis-
eases. It is widely accepted that activated microglia exert
dual functions, that is, proinflammatory (Ml) and anti-
inflammatory (M2) functions [38]. The direction of the polar-
ization depends on their exposure to the cytokine byproducts
of polarized T cell subsets (Thl: IFNy or Th2: IL-4). In this
theory, M1 phenotypic cells hinder CNS repair and expand
tissue damage by producing destructive proinflammatory
mediators. By contrast, M2 phenotypic cells promote brain
recovery by clearing cell debris, resolving local inflammation,
and releasing a plethora of trophic factors. The in vivo status
of activated microglia is probably on a continuum between
these two extreme states, which means that microglia can be
polarized into an activation state that is intermediate between
aneuroharmful and a protective state [39]. However, in recent
years, some emerging views have been raised. Martinez and
Gordon put forward that the long-held M1/M2 convention
for describing macrophage polarization may be more appli-
cable to in vitro systems than for far more complex in vivo
environments, as mixed phenotypes are commonly seen [40].
The latest point of Ransohoff was the lack of predicted tran-
scriptional organization found between polarization states
induced in several disease models as demonstrated by ex vivo
expression profiling of microglia, indicating that microglial
reactivity is multifactorial and injury-specific, thus, unlikely
even to fall along a linear continuum. The application of
MI/M2 markers for the in vivo description of microglia
activation states is inadequate in defining the injury-resolving
capacity of these cells [41]. Thus, attempting to classify the
proinflammatory phenotype of aged microglia as M1 may
be too simplistic in that it ignores the adaptive requirement
of these cells to respond to the demands of a changing
microenvironment over the lifespan [42]. In recent years, the
senescence-associated secretory phenotype (SASP) has been
utilized to more accurately describe aged senescent cells [43].
Although SASP criteria have yet to be established specifically
for microglia, emerging studies suggest a framework for one
will emerge in the next few years [44].

4. The Effect of OPN on Microglia

4.1. OPN Is Mainly Synthesized and Secreted by Microglia
under Stress Conditions. A large amount of experiments in
vitro or vivo has shown that OPN expression was signifi-
cantly increased after cerebral ischemia [2, 45-48]. Ellison
et al. found that, in a rat model of Middle Cerebral Artery
Occlusion (MCAO), the level of OPN mRNA and protein
began to increase in twelve hours after MCAO, reaching a
peak in five days, which was 49.5 times higher than that
of the control group. Within 48 hours, after the onset of
MCAO, OPN mRNA appeared mainly in the surrounding
area of infarction, and after five days, there was a noticeable
increase in the number of OPN mRNA in the infarction core,
disappearing in the surrounding area [45]. Shin et al. showed
that activated microglia and macrophages were the main
source of OPN. With the increase of OPN, the expression
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of CD44 receptor and integrin receptor oy, 33 increased in
the ischemic brain. OPN combined with its receptors to
promote the activation and migration of glia, resulting in
the formation of a glial scar and the tissue repairing process
following ischemic injury [49].

Similar findings were found in the studies of spinal cord
and peripheral nerve injury. There was only a small amount
of OPN expressed in normal spinal cord, while, in a variety
of spinal cord injury (SCI) model, OPN expression was
significantly upregulated. OPN mRNA was upregulated in 24
hours and peaked in three days after a crash injury, and the
level of OPN mRNA was seven times higher than that of the
control group [50]. Hashimoto et al. found the upregulation
of OPN expression in activated microglia/macrophages and
astrocytes by in situ hybridization. In the normal spinal
cord, OPN mRNA was detected at a low level only in a
subset of spinal motoneurons but dramatically increased
following avulsion in activated microglia/macrophages and
astrocytes. Therefore, he proposed that upregulation of OPN
after spinal root avulsion is involved in the protection
of neurons and the posttraumatic inflammatory response
in microglia/macrophages and astrocytes. In contrast, the
neurons, which could not express enough OPN, would be
selected to degenerate and die [51].

Iczkiewicz and coworkers demonstrated that OPN pro-
tein expression is decreased in surviving dopaminergic neu-
rons in Parkinson’s disease (PD) and is present in activated
microglia [52]. Several researches in Alzheimer’s disease
(AD) in both animals and humans also revealed this rela-
tionship between OPN and microglia. OPN has been shown
to be the most strongly upregulated cytokine in activated
microglia following hippocampal kainic acid injection in the
Senescence-accelerated mouse prone 10 (SAMP10), a mouse
strain characterized by accelerating senescence and early
cognitive decline [53]. These findings have not only revealed
the source of OPN but also suggested that OPN is involved in
neurodegenerative diseases.

4.2. OPN Increases Microglia Survival under Stress Condi-
tions. Rabenstein et al. cultured microglial cells in serum-
free medium for 48 hours and treated them with different
concentrations of OPN. They found that the number of
microglial cells in the test group was 100-fold higher than that
of the control. And the dead microglia visibly decreased with
treatment of 6.25 yg/ml or 12.5 ug/ml OPN, which indicated
that the appropriate concentration of OPN could increase the
survival of microglia under stress conditions [54]. And they
speculated that OPN might enhance microglia survival under
the stress of nutrient deprivation after cerebral ischemia,
which supports the notion that OPN serves as an important
regulatory protein of neuroinflammation.

4.3. The Effect of OPN on Proliferation of Microglia. It has
been confirmed that OPN can stimulate the proliferation of
epithelial cells [55]; moreover, OPN has been associated
with tumor proliferation [56]. Yet, its effect on microglia
proliferation is still controversial. Tambuyzer et al. found
that the proliferation of microglial significantly increased
compared with control cells when a lower concentration

(10 fM) recombinant OPN was added to the culture medium,
which indicated that OPN also stimulated proliferation of
microglia [18]. However, Rabenstein et al. put forward the
opposite conclusion. They analyzed the expression of the
proliferation marker Ki67 on the mRNA level. Ki67-mRNA
was quantitatively assessed after OPN treatment using real-
time quantitative polymerase chain reaction (RT-qPCR).
Microglia treated with OPN at 6.25 ug/ml for 24 hours or
72 hours did not contain more Ki67-mRNA than untreated
microglia, suggesting that OPN had no effect on microglia
proliferation [54].

4.4. The Effect of OPN on Phagocytosis of Microglia. At
present, it is still controversial whether OPN affects the
phagocytic activity of microglia. In the experiment of Raben-
stein et al., microglia were treated with OPN at 6.25 or
12.5 ug/ml for 24 hours and then zymosan microbeads were
added for 2 hours to subsequently quantify phagocytic activ-
ity photometrically. The amount of microbeads phagocytosed
by microglia was unaffected by OPN treatment compared to
untreated control cells, suggesting the phagocytic activity of
microglia did not affected by OPN [54], while Tambuyzer et
al. proposed that freshly harvested microglia initially had a
high phagocytic activity, on which OPN treatment had no
significant effect. After 24 hours of culture in the DMEM
complete medium, their phagocytic activity was reduced to
40% of this initial level. Treating these cells with OPN for
24 hours significantly increased the phagocytotic activity
compared with microglia cultured in control medium. The
uptake of beads by microglia treated with 1nM OPN was
almost doubled that of control cells, thereby largely restoring
the activity to the level observed immediately after harvesting
[18]. Therefore, they believe that OPN can increase the
phagocytic activity of microglia. Besides, OPN has been
correlated with increased phagocytosis by brain macrophages
in a rat stroke model [49] and also by peripheral mono-
cytes/macrophages [57].

4.5. The Effect of OPN on Migration of Microglia. Zohar et al.
reported that OPN induced phosphorylation of adhesion
kinase (FAK) in microglia by RGD binding to integrin
receptors, which subsequently activated Ras and mitogen-
activated protein kinase (MAPK) via Grb2/SOS or FAK/Src
and regulated cytoskeleton protein assembly and cell migra-
tion. Intracellular OPN and hyaluronic acid-CD44-ERM
combined into a complex change the cytoskeleton to promote
cell movement [58]. However, Rabenstein et al. found that
OPN did not affect microglia migration by using a modified
Boyden chamber transwell migration assay [54].

4.6. OPN Inhibits Microglial Superoxide Production. Mi-
croglia cells treated with recombinant OPN and subsequently
stimulated with PMA showed a significant inhibition of
superoxide production. This occurred at lower OPN con-
centrations (10 fM) when the microglia cells were grown in
the absence of foetal bovine serum. With serum present,
microglial superoxide production was significantly inhibited
only at a higher OPN concentration (10 pM) [18]. These
experiments could mimic the normal CNS environment



(serum-free) and its disturbance during neuropathology with
blood-brain barrier disruption (with serum). This finding
supports the notion that OPN may have neuroprotective
properties during stroke [59, 60].

Rabenstein et al. found that LPS-stimulation led to a sig-
nificant increase in iNOS-positive cell count. When 1ng/ml
LPS-stimulated microglia were cotreated with 12.5 ug/ml
OPN, the number of iNOS-positive cells decreased signif-
icantly. However, after stimulation with LPS at 10 mg/ml,
cotreatment with OPN did not reduce the number of iNOS-
positive cells. The same result was reflected in the research
about NO, suggesting a dose-dependent effect of OPN on
LPS-induced NO-release from primary microglia [54].

Wolak and his colleagues noted that the lack of OPN
increased NADPH-oxidase protein expression and therefore
increased oxidative stress [61]. OPN has been identified as an
“oxidative stress-sensitive cytokine” upregulated by oxidative
stress [62, 63]. Therefore, it is conceivable that OPN, as
an oxidative stress-regulated protein, provides a negative
feedback for oxidative metabolism in inflammatory cells or
could even directly scavenge oxygen radicals [64, 65].

4.7. OPN Modulates Release of Proinflammatory Cytokines.
In the experiments of Rabenstein et al., LPS-stimulated
microglia were then cotreated with 6.25 or 12.5 ug/ml OPN,
respectively. Compared to untreated cells stimulated with
LPS, IL-6-release was significantly reduced after cotreatment
with OPN at a concentration of 12.5 yug/ml. However, the
lower concentration of 6.25pug/ml OPN did not reduce
IL-6-release. The experiments of TNF-« release displayed
the same results. Thus, there is also a dose-dependent
effect of OPN on LPS-induced IL-6/TNF-a-release from
microglia [54]. It is worth mentioning that although this
result is obtained without interference from blood-derived
macrophages, Patouraux et al. also reported, in a macrophage
cellline, downregulation of OPN enhancing iNOS expression
and leading to an upregulation of iNOS, TNF-«, and IL-6 in
response to lipopolysaccharides [66].

There are large quantities of experiments in vitro, which
show that OPN can promote the survival of microglia under
stress conditions and have an anti-inflammatory effect in
mild to moderate inflammatory environments. These studies
support the concept that OPN is an important regulator of
neuron-inflammation [67, 68]. It can regulate the activity
of microglia and promote cell regeneration after a stroke to
the brain [18]. However, as the experiments in vitro cannot
completely simulate the pathological environment of CNS,
the effects and influences of OPN on microglia remain to be
further explored and verified in animal experiments.

According to the present researches in the neurode-
generative disease such as PD and AD, some scientists
supposed that OPN play a role in anti-inflammatory and
antiapoptotic properties and regulating iNOS transcription,
reactive oxygen species production, and cytokines levels,
which are expressed by activated microglia [15, 69-71].

5. Conclusion

More and more scholars believe that OPN is likely to be
an effective therapeutic target for neurodegenerative diseases
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[72]. There are also a large number of researches, which show
that OPN may be involved in the pathogenesis and neuropro-
tective process of neurodegenerative diseases by modulating
the activation and function of microglia [17, 73]. However,
in order to exclude the indirect effects and epiphenomena
that complicate in vivo studies, most researches were carried
out in vitro. Besides, the specific mechanism of OPN has not
been fully elucidated. Therefore, more in vivo studies and in-
depth exploration of the role of OPN in the development
of neurodegenerative diseases is required, especially in its
impact on microglia, which will not only be beneficial in
explaining the pathogenesis of neurodegenerative diseases
but also contribute to the clinical screening and prognosis
judgment of these diseases, providing new ideas for the
development of therapeutic drugs.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] D. T. Denhardt and X. J. Guo, “Osteopontin: a protein with
diversefunctions,” FASEB, vol. 7, no. 12, p. 1475, 1993.

[2] K. X. Wang and D. T. Denhardt, “Osteopontin: role in immune
regulation and stress responses,” Cytokine and Growth Factor
Reviews, vol. 19, no. 5-6, pp. 333-345, 2008.

[3] D. T. Denhardt, M. Noda, A. W. O’'Regan, D. Pavlin, and J. S.
Berman, “Osteopontin as a means to cope with environmental
insults: regulation of inflammation, tissue remodeling, and cell
survival,” The Journal of Clinical Investigation, vol. 107, no. 9, pp.
1055-1061, 2001.

[4] D. Chabas, S. E. Baranzini, D. Mitchell et al., “The influence
of the proinflammatory cytokine, osteopontin, on autoimmue
demyelinating desease,” Science, vol. 294, no. 5547, pp. 1731-1735,
2001.

[5] A. Chiocchetti, C. Comi, M. Indelicato et al., “Osteopontin gene
haplotypes correlate with multiple sclerosis development and
progression,” Journal of Neuroimmunology, vol. 163, no. 1-2, pp.
172-178, 2005.

[6] J. Iczkiewicz, S. Rose, and P. Jenner, “Osteopontin (Eta-1) is
present in the rat basal ganglia,” Molecular Brain Research, vol.
132, no. 1, pp. 64-72, 2004.

[7] J. Iczkiewicz, S. Rose, and P. Jenner, “Osteopontin expression
in activated glial cells following mechanical- or toxin-induced
nigral dopaminergic cell loss,” Experimental Neurology, vol. 207,
no. 1, pp. 95-106, 2007.

[8] O. Wirths, H. Breyhan, A. Marcello, M. Cotel, W. Briick,
and T. A. Bayer, “Inflammatory changes are tightly associated
with neurodegeneration in the brain and spinal cord of the
APP/PSIKI mouse model of Alzheimer’s disease,” Neurobiology
of Aging, vol. 31, no. 5, pp. 747-757, 2010.

[9] J.K. Wung, G. Perry, A. Kowalski et al., “Increased expression of
the remodeling- and tumorigenic-associated factor osteopontin
in pyramidal neurons of the Alzheimer’s disease brain,” Current
Alzheimer Research, vol. 4, no. 1, pp. 67-72, 2007.

[10] J. Gehrmann, Y. Matsumoto, and G. W. Kreutzberg, “Microglia:
intrinsic immuneffector cell of the brain,” Brain Research
Reviews, vol. 20, no. 3, pp. 269-287, 1995.

[11] N. Aihara, J. J. Hall, L. H. Pitts, K. Fukuda, and L. J. Noble,
“Altered immunoexpression of microglia and macrophages



BioMed Research International

(12]

(16]

(19]

(20]

(21]

(22]

after mild head injury;” Journal of Neurotrauma, vol. 12, no. 1,
pp. 53-63,1995.

J. Yrjanheikki, R. Keindnen, M. Pellikka, T. Hokfelt, and J.
Koistinaho, “Tetracyclines inhibit microglial activation and are
neuroprotective in global brain ischemia,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 95, no. 26, pp. 15769-15774, 1998.

B. Hemmer, J. J. Archelos, and H.-P. Hartung, “New concepts in
the immunopathogenesis of multiple sclerosis,” Nature Reviews
Neuroscience, vol. 3, no. 4, pp. 291-301, 2002.

E. N. Benveniste, V. T. Nguyen, and G. M. O’Keefe, “Immuno-
logical aspects of microglia: relevance to Alzheimer’s disease,”
Neurochemistry International, vol. 39, no. 5-6, pp. 381-391, 2001.

C. Knott, G. Stern, and G. P. Wilkin, “Inflammatory regula-
tors in Parkinson’s disease: iNOS, lipocortin-1, and cyclooxy-
genases-1 and -2 Molecular and Cellular Neuroscience, vol. 16,
no. 6, pp. 724-739, 2000.

L. Broom, P. Jenner, and S. Rose, “Increased neurotrophic factor
levels in ventral mesencephalic cultures do not explain the
protective effect of osteopontin and the synthetic 15-mer RGD
domain against MPP + toxicity; Experimental Neurology, vol.
263, pp. 1-7, 2015.

S. W. Chang, H. I. Kim, G. H. Kim, S. J. Park, and I.-B. Kim,
“Increased expression of osteopontin in retinal degeneration
induced by blue light-emitting diode exposure in mice,” Fron-
tiers in Molecular Neuroscience, vol. 9, article 58, 2016.

B. R. Tambuyzer, C. Casteleyn, H. Vergauwen, S. Van Cruchten,
and C. Van Ginneken, “Osteopontin alters the functional profile
of porcine microglia in vitro,” Cell Biology International, vol. 36,
no. 12, pp. 1233-1238, 2012.

W. T. Butler, “The nature and significance of osteopontin,”
Connective Tissue Research, vol. 23, no. 2-3, pp. 123-136, 2003.

C. M. Giachelli, L. Liaw, C. E. Murry, S. M. Schwartz, and M.
Almeida, “Osteopontin expression in cardiovascular diseases,”
Annals of the New York Academy of Sciences, vol. 760, pp. 109-
126, 1995.

K. Singh, M. W. DeVouge, and B. B. Mukherjee, “Physiological
properties and differential glycosylation of phosphorylated and
nonphosphorylated forms of osteopontin secreted by normal
rat kidney cells;” The Journal of Biological Chemistry, vol. 265,
no. 30, pp. 1869618701, 1990.

X. Wang, C. Louden, E. H. Ohlstein, J. M. Stadel, J.-L. Gu, and
T.-L. Yue, “Osteopontin expression in platelet-derived growth
factor-stimulated vascular smooth muscle cells and carotid
artery after balloon angioplasty,” Arteriosclerosis, Thrombosis,
and Vascular Biology, vol. 16, no. 11, pp. 1365-1372, 1996.

C. M. Giachelli and S. Steitz, “Osteopontin: a versatile regulator
of inflammation and biomineralization,” Matrix Biology, vol. 19,
no. 7, pp. 615622, 2000.

T. Standal, M. Borset, and A. Sundan, “Role of osteopontin
in adhesion, migration, cell survival and bone remodeling,”
Experimental Oncology, vol. 26, no. 3, pp. 179-184, 2004.

S. Fatherazi, D. Matsa-Dunn, B. L. Foster, R. B. Rutherford,
M. J. Somerman, and R. B. Presland, “Phosphate regulates
osteopontin gene transcription,” Journal of Dental Research, vol.
88, no. 1, pp. 39-44, 2009.

P. H. Anborgh, J. C. Mutrie, A. B. Tuck, and A. E. Chambers,
“Pre- and post-translational regulation of osteopontin in can-

cer;” Journal of Cell Communication and Signaling, vol. 5, no. 2,
pp. 111-122, 2011.

(27]

(28]

(31]

(32]

[37]

(38]

[41]

(42]

[43]

H. Cantor and M. L. Shinohara, “Regulation of T-helper-cell
lineage development by osteopontin: the inside story,” Nature
Reviews Immunology, vol. 9, no. 2, pp. 137-141, 2009.

G. Gursoy, Y. Acar, and S. Alagoz, “Osteopontin: a multifunc-
tional Molecule;” Journal of Medicine and Medical Sciences, vol.
1, no. 3, pp. 55-60, 2010.

L.J. Lawson, V. H. Perry, P. Dri, and S. Gordon, “Heterogeneity
in the distribution and morphology of microglia in the normal
adult mouse brain,” Neuroscience, vol. 39, no. 1, pp. 151-170, 1990.
L. J. Lawson, V. H. Perry, and S. Gordon, “Turnover of resident
microglia in the normal adult mouse brain,” Neuroscience, vol.
48, no. 2, pp. 405-415, 1992.

B. R. Tambuyzer, P. Ponsaerts, and E. J. Nouwen, “Microglia:
gatekeepers of central nervous system immunology,” Journal of
Leukocyte Biology, vol. 85, no. 3, pp. 352-370, 2009.

W. J. Streit, “Microglial cells,” in Neuroglia, H. Kettenmann and
B. R. Ransom, Eds., pp. 85-96, Oxford University Press, New
York, NY, USA, 1996.

C. Hao, A. Richardson, and S. Fedoroff, “Macrophage-like cells
originate from neuroepithelium in culture: characterization and
properties of the macrophage-like cells,” International Journal of
Developmental Neuroscience, vol. 9, no. 1, pp. 1-14, 1991.

G. W. Kreutzberg, “Microglia: a sensor for pathological events
in the CNS,” Trends in Neurosciences, vol. 19, no. 8, pp. 312-318,
1996.

J. Gehrmann, “Microglia: a sensor to threats in the nervous
system?” Research in Virology, vol. 147, no. 2-3, pp. 79-88, 1996.
I. M. Chiu, E. T. A. Morimoto, H. Goodarzi et al., “A neuro-
degeneration-specific gene-expression signature of acutely iso-
lated microglia from an amyotrophic lateral sclerosis mouse
model,” Cell Reports, vol. 4, no. 2, pp. 385-401, 2013.

K. Grabert, T. Michoel, M. H. Karavolos et al., “Microglial brain
regiona dependent diversity and selective regional sensitivities
to aging,” Nature Neuroscience, vol. 19, no. 3, pp. 504-516, 2016.
K. Kobayashi, S. Imagama, T. Ohgomori et al., “Minocycline
selectively inhibits M1 polarization of microglia,” Cell Death and
Disease, vol. 4, no. 3, article €525, 2013.

B. Liao, W. Zhao, D. R. Beers, J. S. Henkel, and S. H.
Appel, “Transformation from a neuroprotective to a neurotoxic
microglial phenotype in a mouse model of ALS,” Experimental
Neurology, vol. 237, no. 1, pp. 147-152, 2012.

E O. Martinez and S. Gordon, “The M1 and M2 paradigm
of macrophage activation: time for reassessment,” FIO00Prime
Reports, vol. 6, article 13, 2014.

R. M. Ransohoff, “A polarizing question: do M1 and M2
microglia exist?” Nature Neuroscience, vol. 19, no. 8, pp. 987-991,
2016.

D. C. Lee, C. R. Ruiz, L. Lebson et al., “Aging enhances classical
activation but mitigates alternative activation in the central
nervous system,” Neurobiology of Aging, vol. 34, no. 6, pp. 1610-
1620, 2013.

T. Tchkonia, Y. Zhu, J. van Deursen, J. Campisi, and J. L.
Kirkland, “Cellular senescence and the senescent secretory
phenotype: therapeutic opportunities,” The Journal of Clinical
Investigation, vol. 123, no. 3, pp. 966-972, 2013.

E. Koellhoffer, L. McCullough, and R. Ritzel, “Old maids: aging
and its impact on microglia function,” International Journal of
Molecular Sciences, vol. 18, no. 4, p. 769, 2017.

J. A. Ellison, J. J. Velier, and P. Spera, “Osteopontin and its
integrin receptor e, f3; are upregulated during formation of the
glial scar after focal stroke,” Stroke, vol. 29, no. 8, pp. 1698-1707,
1998.



[46] M. Hedtjarn, C. Mallard, and H. Hagberg, “Inflammatory

gene profiling in the developing mouse brain after hypoxia-
ischemia,” Journal of Cerebral Blood Flow and Metabolism, vol.
24, no. 12, pp. 1333-1351, 2004.

E. M. Hur, S. Youssef, M. E. Haws, S. Y. Zhang, R. A. Sobel, and
L. Steinman, “Osteopontin-induced relapse and progression
of autoimmune brain disease through enhanced survival of
activated T cells,” Nature Immunology, vol. 8, no. 1, pp. 74-83,
2007.

G. Chidlow, J. P. M. Wood, J. Manavis, N. N. Osborne, and R. J.
Casson, “Expression of Osteopontin in the rat retina: effects of
excitotoxic and ischemic injuries,” Investigative Ophthalmology
and Visual Science, vol. 49, no. 2, pp. 762-771, 2008.

Y.-J. Shin, H. Lim Kim, J.-S. Choi, J.-Y. Choi, J.-H. Cha, and
M.-Y. Lee, “Osteopontin: correlation with phagocytosis by brain
macrophages in a rat model of stroke,” Glia, vol. 59, no. 3, pp.
413-423, 2011.

M. Hashimoto, M. Koda, H. Ino, M. Murakami, M. Yamazaki,
and H. Moriya, “Upregulation of osteopontin expression in
rat spinal cord microglia after traumatic injury;” Journal of
Neurotrauma, vol. 20, no. 3, pp. 287-296, 2003.

Y. Fu, M. Hashimoto, H. Ino, M. Murakami, M. Yamazaki,
and H. Moriya, “Spinal root avulsion-induced upregulation
of osteopontin expression in the adult rat spinal cord,” Acta
Neuropathologica, vol. 107, no. 1, pp. 8-16, 2004.

]. Iczkiewicz, M. J. Jackson, L. A. Smith, S. Rose, and P. Jenner,
“Osteopontin expression in substantia nigra in MPTP-treated
primates and in Parkinson’s disease,” Brain Research, vol. 1118,
no. 1, pp. 239-250, 2006.

Y.-H. Lin, C.-J. Huang, J.-R. Chao et al., “Coupling of osteo-
pontin and its cell surface receptor CD44 to the cell survival
response elicited by interleukin-3 or granulocyte-macrophage
colony- stimulating factor,” Molecular and Cellular Biology, vol.
20, no. 8, pp. 2734-2742, 2000.

M. Rabenstein, S. U. Vay, L. J. Flitsch, G. R. Fink, M. Schroeter,
and M. A. Rueger, “Osteopontin directly modulates cytokine
expression of primary microglia and increases their survival,”
Journal of Neuroimmunology, vol. 299, pp. 130-138, 2016.

A. Elgavish, C. Prince, P.-L. Chang, K. Lloyd, R. Lindsey, and
R. Reed, “Osteopontin stimulates a subpopulation of quiescent
human prostate epithelial cells with high proliferative potential
to divide in vitro,” Prostate, vol. 35, no. 2, pp. 83-94, 1998.
K.-H. Hsu, H.-W. Tsai, P-W. Lin, Y.-S. Hsu, Y.-S. Shan, and
P-J. Lu, “Osteopontin expression is an independent adverse
prognostic factor in resectable gastrointestinal stromal tumor
and its interaction with CD44 promotes tumor proliferation,”
Annals of Surgical Oncology, vol. 17, no. 11, pp. 3043-3052, 2010.

L. Schack, R. Stapulionis, B. Christensen et al., “Osteopontin
enhances phagocytosis through a novel osteopontin receptor,
the aX32 integrin,” Journal of Immunology, vol. 182, no. 11, pp.
6943-6950, 2009.

R. Zohar, N. Suzuki, K. Suzuki et al., “Intracellular osteopontin
is an integral component of the CD44-ERM complex involved
in cell migration,” Journal of Cellular Physiology, vol. 184, no. 1,
pp. 118-130, 2000.

J. A. Ellison, E C. Barone, and G. Z. Feuerstein, “Matrix
remodeling after stroke. De novo expression of matrix proteins
and integrin receptors,” Annals of the New York Academy of
Sciences, vol. 890, pp. 204-222,1999.

R. Meller, S. L. Stevens, M. Minami et al., “Neuroprotection
by osteopontin in stroke,” Journal of Cerebral Blood Flow and
Metabolism, vol. 25, no. 2, pp. 217-225, 2005.

BioMed Research International

[61] T. Wolak, H. Kim, Y. Ren, J. Kim, N. D. Vaziri, and S. B. Nicholas,
“Osteopontin modulates angiotensin II-induced inflammation,
oxidative stress, and fibrosis of the kidney,” Kidney Interna-
tional, vol. 76, no. 1, pp. 32-43, 2009.

[62] C. Maziere, C. Gomila, and J.-C. Maziére, “Oxidized low-
density lipoprotein increases osteopontin expression by gener-
ation of oxidative stress;” Free Radical Biology and Medicine, vol.
48, no. 10, pp. 1382-1387, 2010.

[63] R. Urtasun, A. Lopategi, J. George et al., “Osteopontin, an
oxidant stress sensitive cytokine, up-regulates collagen-I via
integrin a8, engagement and PI3K/pAkt/NF«xB signaling,
Hepatology, vol. 55, no. 2, pp. 594-608, 2012.

[64] S. M. Hwang, C. A. Lopez, D. E. Heck et al., “Osteopontin
inhibits induction of nitric oxide synthase gene expression by
inflammatory mediators in mouse kidney epithelial cells,” The
Journal of Biological Chemistry, vol. 269, no. 1, pp. 711-715,1994.

[65] H. Guo, C. Q. Cai, R. A. Schroeder, and P. C. Kuo, “Osteopontin
is a negative feedback regulator of nitric oxide synthesis in
murine macrophages,” The Journal of Immunology, vol. 166, no.
2, pp- 1079-1086, 2001.

[66] S. Patouraux, D. Rousseau, A. Rubio et al., “Osteopontin
deficiency aggravates hepatic injury induced by ischemia-
reperfusion in mice,” Cell Death and Disease, vol. 5, no. 5, Article
ID €1208, 2014.

[67] L. Steinman, D. Chabas, S. E. Baranzini et al., “The influence
of the proinflammatory cytokine, osteopontin, on autoimmune
demyelinating disease;” Science, vol. 299, no. 5547, pp. 1731-1735,
2003.

[68] K. P. Doyle, T. Yang, N. S. Lessov et al., “Nasal administration
of osteopontin peptide mimetics confers neuroprotection in
stroke,” Journal of Cerebral Blood Flow and Metabolism, vol. 28,
no. 6, pp. 1235-1248, 2008.

[69] E.E.Rollo and D. T. Denhardt, “Differential effects of osteopon-
tin on the cytotoxic activity of macrophages from young and old
mice,” Immunology, vol. 88, no. 4, pp. 642-647, 1996.

[70] J. Iczkiewicz, S. Rose, and P. Jenner, “Increased osteopontin
expression following intranigral lipopolysaccharide injection in
the rat,” The European Journal of Neuroscience, vol. 21, no. 7, pp.
1911-1920, 2005.

[71] W. Maetzler, D. Berg, N. Schalamberidze et al., “Osteopontin
is elevated in Parkinson’s disease and its absence leads to
reduced neurodegeneration in the MPTP model,” Neurobiology
of Disease, vol. 25, no. 3, pp. 473-482, 2007.

[72] R.K.Han,R.D. He, Y. E Chengetal., “The role of osteopontin in
neurodegenerative disease , progress in modern biomedicine,”
Progress in Modern Biomedicine, vol. 15, pp. 2003-3004, 2013.

[73] M. Carecchio and C. Comi, “The role of osteopontin in
neurodegenerative diseases,” Journal of Alzheimer’s Disease, vol.
25, no. 2, pp. 179-185, 2011.



