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Abstract: We characterized Miiller cell gliosis induced by the activation of transient receptor potential
vanilloid-type 4 (TRPV4) and assessed whether statins could modulate the gliosis. The human
Miiller cell line, MIO-M1, was used to analyze the gliosis caused by glaucomatous stimulation. To
induce Miiller gliosis in MIO-M1 cells, GSK101 was used to activate TRPV4, and Miiller gliosis was
evaluated by analyzing vimentin, nestin, and glial fibrillary acidic protein (GFAP) expression. The
expression level of TNF-« was determined by ELISA. To evaluate the GSK101 activation of the NF-«B
pathway, p65 phosphorylation was measured by Western blotting, and the nuclear translocation of
p65 and IkBa phosphorylation were assessed by immunostaining. To assess the effect of statins on

. MIO-M1 gliosis, cells were pretreated for 24 h with statins before GSK101 treatment. Vimentin, nestin,
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and GFAP expression were upregulated by GSK101, while statins effectively inhibited them. The
expression of TNF-o was increased by GSK101. The phosphorylation and nuclear translocation of p65
and IkBx phosphorylation, which occurs prior to p65 activation, were induced. Statins suppressed the
GSK101-mediated phosphorylation of IkBx and p65 translocation. Statins can mitigate gliosis in the
human Miiller cell line. Because TRPV4 activation in Miiller cells reflects glaucoma pathophysiology,
statins may have the potential to prevent RGC death.
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1. Introduction

Glaucoma is a progressive neurodegenerative eye disease characterized by irreversible
structural damage to the retinal ganglion cells (RGCs) [1,2]. RGCs play critical roles in the
transfer of visual information from the retina to the brain via their axons, i.e., the retinal
nerve fiber layer (RNFL). In glaucoma, axonal degeneration and the apoptotic cell death
of RGCs ultimately lead to irreversible vision loss. While lowering intraocular pressure
(IOP) indirectly protects RGCs, there is no proven glaucoma treatment that directly targets
RGCs. Therefore, understanding the mechanism of RGC dysfunction is important for the
development of new glaucoma treatment strategies.

RGCs receive physiological and pathological support from glial cells, such as astrocytes
and Miiller cells. Healthy Miiller cells are specialized radial glial cells that span the entire
retina and provide metabolic support. However, changes in Miiller cells are involved in
almost all types of retinal degeneration, such as age-related macular degeneration, diabetic
retinopathy, and glaucoma, as well as normal retinal function [3,4]. When the surrounding
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glaucomatous stimulation and implicated in RGC apoptosis. Tumor necrosis factor-alpha
(TNF-«), a detrimental cytokine, is mainly synthesized and released by activated Miiller
glial cells and induces RGC apoptosis [6-11]. Thus, it can be postulated that the suppression
of Miiller gliosis is neuroprotective. Studies of Miiller cell function in vitro are challenging
because the cells tend to rapidly differentiate in culture, making it difficult to isolate pure
cell populations. In 2002, MIO-M1 was reported as the first spontaneously immortalized
human Miiller cell line [12]. Thereafter, MIO-M1 cell lines were used in several in vivo
studies [13,14] for evaluating Miiller cells. We also used MIO-M1 cells in this study.

Because the transient receptor potential vanilloid-type 4 (TRPV4) channel contributes
to the resting membrane potential of Miiller cells, its specific agonist, GSK1016790A
(GSK101), was used to activate gliosis [15,16]. Then, vimentin [17], nestin [18], and glial
fibrillary acidic protein (GFAP) [19,20] were used to verify the induction of Miiller gliosis.
Because GSK101 is a candidate for inducing gliosis through TNF-«, we assayed TNF-o
levels in response to GSK101 and monitored how they changed after statin treatment.

NE-«B (p50/p65), an inducible nuclear transcription factor, regulates inflammatory
factors, including TNF-oc [21,22]. NF-«B is inactive when bound to IkB (inhibitor «B).
When NF-«B is released from IkB, it is free to translocate to the nucleus, where it acts as a
transcription factor. Thus, p65 and phospho-p65 were assayed in the nucleus and cytosol,
respectively, after G5K101 and statin treatments. IkB kinase (IKK) complex phosphorylation
occurs in response to upstream signals after the activation of the IkB kinase complex
(IxkBo/IxkBp /IxkBy). Active IKK induces IkB degradation, and NF-«B is released. Thus,
we analyzed the concentration of phospho-IkBx by immunostaining after GSK101 and
statin pretreatments.

Statins, widely used as hyperlipidemia treatments, not only regulate cholesterol biosyn-
thesis but also exert pleiotropic effects, such as fibrosis, inflammation, and immune response
control [23-25]. Statins’ neuroprotective effects have been reported in many central ner-
vous system (CNS) diseases, such as ischemic stroke, Alzheimer’s disease, and multiple
sclerosis [26]. Therefore, we expected statins would have beneficial effects on the optic
nerve and RNFL. In fact, several previous studies have indicated an association between
glaucoma and statins [27-34]. As clinical evidence about the protective effect of statins
on glaucoma development and progression has increased, in vitro studies have also been
published. The secreted protein, acidic and rich in cysteine (SPARC), and the extracellular
matrix (ECM) protein have emerged as major modulators of IOP through changing the
outflow facility, and lovastatin inhibits the expression of TGF-32-mediated SPARC in hu-
man trabecular meshwork cells [35]. In addition, we reported that statins exert antifibrotic
effects by inhibiting the expression of TFG-32-mediated ECM molecules in astrocytes of
the human optic nerve head (ONH) [36,37]. However, no research about the direct effects
of statins on Miiller glial cells as protection for dysfunctional RGCs has been conducted.

In this paper, we assessed whether Miiller gliosis could be induced by the activation of
TRPV4, a mechanosensor that may respond to increased IOP. To do this, we evaluated the
expression of gliosis markers, TNF-« expression, and the activation of the NF-kB pathway.
Then, we determined whether statins could modulate TRPV4-mediated Miiller gliosis.

2. Results
2.1. Evaluation of Miiller Gliosis in MIO-M1 Cells and the Effect of Statins

To evaluate Miiller gliosis by TRPV4 activation, the expression of the Miiller gliosis
indicators vimentin, nestin, and GFAP was analyzed by immunostaining. Treatment
with the TRPV4 agonist GSK101 upregulated vimentin, nestin, and GFAP expression
(Figure 1A-C). Pretreatment with simvastatin, atorvastatin, and lovastatin effectively
suppressed the induction of gliosis marker proteins.
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Figure 1. GSK treatment induces the reactivation of MIO-M1 cells and gliosis, and statins suppress
these events. MIO-M1 cells were treated with GSK101 alone for 24 h or pretreated with each statin
for 6 h, followed by GSK101 treatment for 24 h. Then, cells were stained for the expression of
(A) vimentin, (B) nestin, and (C) GFAP, which are the indicators of gliosis. The nucleus was labeled
with DAPI GSK101 at 25 nM increased vimentin, nestin, and GFAP expression. Statins pretreatment
at 10 nM attenuated these expressions. n = 4 for each figure.
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2.2. TNF-u as a Candidate to Induce Gliosis and Its Reduction by Statins

Then, we asked how the response of Miiller gliosis to TRPV4 activation leads to
detrimental effects on RGC. The most plausible candidate is TNF-«, because it can induce
RGC apoptosis [6-11,38]. Therefore, we asked whether TNF-a production increases in
GSK101-treated MIO-M1 cells. The cells were treated with GSK101 concentrations ranging
from 1 to 50 nM. TNF-x expression was significantly induced at GSK101 concentrations
> 10 nM (Figure 2A). We also tested whether statins could suppress GSK101-induced
TNF-« expression. With 50 nM GSK101, TNF-« production was induced 14-fold more
than with 1 nM GSK101. Pretreatment with statins suppressed TNF-« production, even at
concentrations as low as 1 nM (Figure 2B-D).
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Figure 2. GSK treatment induces TNF-« and pretreatment with statins suppress it. TNF-« production
was 14-fold greater than at a 1 nM concentration (A). GSK101-mediated induction of TNF-« levels
suppressed by pretreatment with statins. MIO-M1 cells were treated either with GSK101 alone for
24 h or pretreated with (B) simvastatin, (C) atorvastatin, or (D) lovastatin for 1 h and then followed
by GSK101 treatment for 24 h with 50 nM GSK101. Pretreatment with statins suppressed TNF-«
production from 1 nM concentrations. Asterisks indicate statistical significance. * p < 0.05, ** p < 0.01.
n = 4 for each figure.

2.3. NF-xB Pathway in MIO-M1 Cells

Because we confirmed that TRPV4 activation induces NF-«B activation and TNF-«
secretion, and statins inhibit these events, we determined which step of the NF-«kB pathway
was inhibited to suppress TNF-x expression and consequently protect RGCs. NF-«B forms
homo- or hetero-dimers with DNA-binding proteins. p65 is a major component of these
dimers; when NF-kB is activated, p65 is phosphorylated, and the complex translocates to the
nucleus. Therefore, we assayed p65 phosphorylation in cytosolic and nuclear fractions with
GAPDH and lamin B1 as respective internal controls. We observed the robust induction of
p65 phosphorylation in both the cytosolic and nuclear fractions by treatment with GSK101
in a dose-dependent manner (Figure 3). These data suggest that TNF-« induction by
GSK101 is mediated by the NF-kB pathway in MIO-M1 cells.
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Figure 3. Phospho-p65 levels were induced by GSK101 in primary Miiller cells. MIO-M1 cells were
treated with increasing does of GSK101 for 24 h. Cell lysates were fractionated into nucleus and
cytosol fractions and then subjected to Western blot. From 6 nM GSK101, p65 phosphorylation was
significantly induced in both the cytosolic and nuclear fractions in a dose-dependent manner. GAPDH
and Lamin B1 were served as the internal controls for cytosol and nucleus fractions, respectively.
Asterisks indicate statistical significance. * p < 0.05, ** p < 0.01. n = 4.

2.4. Statins Inhibit the NF-xB Pathway

Because statins can suppress TNF-o induction, we tested whether they could suppress
GSK101-mediated p65 phosphorylation. Treatment with 25 nM GSK101 consistently in-
duced p65 phosphorylation in cytosolic and nuclear fractions (Figure 4A—C). Pretreatment
with 0.2 nM of any of the statins significantly decreased p65 phosphorylation in the nu-
cleus, and pretreatment with 0.2 nM simvastatin, 1 nM atorvastatin, and 10 nM lovastatin
decreased p65 phosphorylation in the cytosol (Figure 4A-C).

2.5. Statins Reduce IxBa Phosphorylation

To confirm that statins suppress the NF-kB pathway, we assessed the phosphorylation
of the inhibitory protein IkBax by immunocytochemistry. IkBa functions as an inhibitor
through interaction with the NF-«kB complex. However, IkBa phosphorylation by stimula-
tory signals promotes IkBa ubiquitination and degradation, which induces NF-xB complex
activation. Consistent with Figures 3 and 4, GSK101 treatment increased the immunore-
activity for phospho-IkBa in the cytoplasm and nucleus. Treatment with statins prior to
GSK101 treatment suppressed IkBa phosphorylation. All three statins were potent attenua-
tors of GSK-mediated IkBoa phosphorylation upstream of p65 activation in MIO-M1 cells
(Figure 5).
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Figure 4. GKS101-mediated phosphorylation of p65 attenuated by statins. MIO-M1 cells were
treated either with GSK101 alone for 24 h or pretreated with (A) simvastatin, (B) atorvastatin, or
(C) lovastatin for 6 h, followed by GSK101 treatment for 24 h. The cytosol and nucleus fractions were
subjected to Western blot analysis. P65 phosphorylation significantly decreased in the nucleus after
pretreatment with 0.2 nM of all three statins and decreased in the cytosol after pretreatment with
0.2 nM simvastatin, 1 nM atorvastatin, and 10 nM lovastatin. GAPDH and Lamin B1 were served
as the internal controls for cytosol and nucleus fractions, respectively. Asterisks indicate statistical

significance. * p < 0.05, ** p < 0.01. n = 4 for each figure.
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Figure 5. Statins attenuate GSK-mediated IkBx phosphorylation, which occurs upstream of p65 acti-
vation. MIO-M1 cells were treated either with GSK101 alone for 24 h or pretreated with simvastatin,
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atorvastatin, or lovastatin for 6 h, followed by GSK101 treatment for 24 h. Then, cells were fixed
and stained for pIkBx. Pretreatment with 10 nM statins prior to GSK101 treatment suppressed IkBa
phosphorylation. All three statins were potent attenuators of GSK-mediated IkB phosphorylation
upstream of p65 activation in Miiller glial MIO-M1 cells. 1 = 4.

3. Discussion

Glaucoma can cause blindness due to progressive, irreversible optic nerve damage.
The major risk factor for glaucoma is increased IOP, which is the only adjustable factor
to modify glaucoma development and progression. Proposed mechanisms linking RGC
injury and IOP elevation include the compressive effect of IOP on the lamina cribrosa [39],
pressure-induced tissue ischemia [40,41], and local cellular inflammatory mechanisms [42].
Although studies have elucidated how glaucoma develops and progresses, there are no
proven, commercial RGC-protecting and -regenerating glaucoma treatments, besides IOP
reduction, to minimize stress on the ONH. This study is noteworthy because it suggests
the use of statins as novel glaucoma treatment agents with neuroprotective effects.

Statins are prescribed for hyperlipidemia treatment; they lower blood cholesterol by
competitively inhibiting HMG-CoA reductase, the rate-limiting enzyme of the mevalonate
pathway. Since statins are structurally similar to HMG-CoA, the active site of the enzyme
competes with the native substrate. This competition reduces the rate at which mevalonate
is produced, the molecule needed to synthesizes cholesterol. In addition, the inhibition
of HMG-CoA by statins hampers the downstream synthesis of isoprenoids, which are
crucial lipid attachments for intracellular signaling molecules, such as Rho, Racl, and
CDC42 [43,44]. The suppression of protein prenylation is thought to be involved in the
modulation of immune function, the improvement of endothelial function, and other
pleiotropic cardiovascular benefits [43,45—47].

Considerable clinical evidence indicates that statins have beneficial effects on glaucoma
patients. De Castro et al. [29] showed that statins may slow the progression of suspected
glaucoma as measured by confocal scanning laser ophthalmoscopy. McGwin et al. [28]
demonstrated that the prevalence of open-angle glaucoma (OAG) was lower in patients who
had taken statins for more than 24 months. Additionally, Leung et al. [48] have reported
that simvastatin may stabilize visual field progression. In a retrospective longitudinal
cohort analysis, statin use was associated with a significant reduction in OAG risk [27]. A
systemic review and meta-analysis indicated that short-term statin use was associated with
reduced glaucoma incidence, but the effect of statins on glaucoma progression and IOP
was unclear [49]. Furthermore, a large cohort study suggested that statin use significantly
reduced OAG risk in hyperlipidemic patients [27]. Our recent study also showed that
statins aided RGC survival by inhibiting ECM remodeling of the ONH [37]. As clinical
evidence for the protective effect of statins on OAG development and progression has
accumulated, in vitro studies on astrocytes and trabecular meshwork cells have also been
published [35,37,50]. However, this study is the first to elucidate the protective effect of
statins against glaucomatous stimuli in Miiller glial cells.

Miiller glia play crucial roles in RGC survival, and Miiller gliosis contributes to glau-
coma pathogenesis [51,52]. Miiller glia span the entire retina and have neuroprotective, as
well as detrimental, effects in response to glaucoma-related neuronal injury via signaling
cascades [4,5,53-57]. After retinal insults, Miiller glia undergo reactivation, so-called Miiller
gliosis, characterized by the increased expression of intermediate filaments, such as vi-
mentin, nestin, and GFAP [53]. TRPV4 is a membrane calcium channel activated by osmotic
or mechanical pressure-related insults, causing calcium flow into the cell, increasing the
intracellular calcium ion concentration [58,59]. TRPV4 induces gliosis and neurodegenera-
tion in the brain [60,61] and is expressed in the retina, specifically in Miiller glia. TRPV4
activation appears to be involved in RGC apoptosis. In a study using dissociated RGC
cultures, RGC apoptosis and Miiller gliosis increased due to TRPV4-agonist induced TRPV4
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activation [62,63]; in a study using porcine retinal explants treated with the TRPV4-specific
antagonist RN-1743, RGC survival increased [64]. Therefore, the mechanism of inflamma-
tion induction by TRPV4 has received attention. We used MIO-M1 cells with GSK101 as a
TRPV4 channel agonist: the expression of each intermediate filament, vimentin, nestin, and
GFAP, increased in MIO-M1 cells treated with 25 nM GSK101 and decreased by treatment
with 10 nM statins (Figure 1). That is, we found that TRPV4 and statins induce and reduce
the Miiller gliosis of MIO-M1 cells caused by any mechanism, respectively.

We hypothesized that TNF-« production in Miiller glia is involved in this mechanism
because TRPV4 activation increases the secretion of proinflammatory cytokines, including
TNF-«, from glia in other cells [65]. Although some studies have shown that increased
IOP activates TRPV4 [66,67], it is not well-established that TRPV4 activation in Miiller
cells is linked with TNF-« production and glaucoma pathology. We found that TNF-x was
induced by GSK101 in MIO-M1 cells (Figure 2). Therefore, this study provides evidence
that TRPV4 is closely related to glaucoma pathophysiology through Miiller gliosis and
TNEF-o production.

TNF-« is a well-known proinflammatory cytokine with multiple functions in the im-
mune response, and its expression is induced by transcription factors in the NF-kB pathway
(p50-p65 complex) [68-70]. It is mainly synthesized and released by activated glial cells
and is involved in glaucomatous neurodegeneration; thus, it is considered a therapeutic
target for improving neuroprotection [2,6,8-11,71-73]. In animal models, increased IOP,
increased TNF-« in Miiller glia [74,75], and Miiller gliosis resulted in increased TNF-«
expression [76]. TNF-« was also increased in the retinas of glaucoma patients [77-79].
Lebrun-Julien et al. [75,80] have reported that the intravitreal injection of TNF-« reduces
the RGC numbers and causes optic nerve degeneration. Furthermore, TNF-oc inhibitors pre-
vent Miiller gliosis and retinal ganglion cell loss [81,82]. We found that TNF-« production
was increased by TRPV4 activation in MIO-M1 cells and decreased by statins, implying
that statins could be therapeutic agents with neuroprotective effects for glaucoma patients,
if proven by animal models, which will be our next research project.

We also confirmed that TNF-« induction by GS5K101 in MIO-M1 cells is mediated by
the NF-kB pathway, which statins inhibit by attenuating IkBo phosphorylation. These
findings agree with previous studies [73,83,84]. Shi et al. [73] demonstrated that excitotoxic
damage leads to selective NF-«B activation, which induces TNF-« production in Miiller
glial cells. Ahn et al. [83] showed that statins have a role in overcoming chemoresistance
through the modulation of NF-«kB in human myeloid leukemia KBM-5 cells. In addition,
Tu et al. [84] demonstrated that simvastatins inhibit the NF-«B pathway by suppressing
IkBo phosphorylation and degrading the nuclei of pulposus cells. However, this is the
first study to reveal the activation of TNF-« through activated TRPV4 in Miiller glia, its
inhibition by statins, and the effects statins exert on the NF-kB pathway.

This study has some limitations. First, we used a Miiller cell line, MIO-M1, rather
than primary Miiller cells. Therefore, in our next study, we will check whether the same
action occurs in primary Miiller cells through primary Miiller cell culture or in vivo and,
furthermore, in animal experiments. Numerous studies in the field of neuroinflammation
have shown the potential of statins [85,86], but there are also some reports concluded
that statins are ineffective [87,88]. Second, although TNF-« induces RGC apoptosis as a
proinflammatory cytokine, the present study did not show that RGC apoptosis occurs when
TRPV4 is activated. In future experiments, we will need to examine RGC apoptosis in vivo
or in a Miiller-RGC co-culture model. Third, we only examined Miiller gliosis caused by
TRPV4 activation, but TRPV4 is also expressed in RGCs and bipolar cells and can change
with increased IOP [58]. Therefore, the effect of statins on TRPV4 activation in RGCs and
bipolar cells should be investigated. Finally, NF-xB pathway activation is one way that
TRPV4 signaling occurs. TRPV4 signaling increases intracellular Ca?* concentration, which
increases calpain [89]. There is a report that statins inhibit calpain activation [89]; therefore,
the effects of TRPV4 activation on Muller or RGCs cannot be limited to the NF-«B pathway.
It will be interesting to examine calpain activity on statins.



Int. J. Mol. Sci. 2022, 23, 5190

10 of 15

In conclusion, TRPV4 activation reiterates glaucomatous stimulation by GSK101 in
human MIO-M1 cells, increasing TNF-« expression, and statins inhibit this expression by in-
terfering with IkBa phosphorylation. Numerous studies have shown that TNF-« signaling
is involved in glaucomatous neurodegeneration and is thus a possible treatment target to
improve neuroprotection [2,71-73]. This understanding of the TNF-« expression pathway
caused by glaucoma stimulation in Miiller cells, and the reduction in TNF-« expression by
statins, suggest statins as potential therapeutic agents for glaucoma treatment. This study
has revealed an important aspect of statins’ protective effects in reactive Miiller gliosis.

4. Materials and Methods
4.1. Cell Culture

MIO-M1, a human Miiller glial cell line, was grown in GlutaMAX™ DMEM medium
supplemented with 50 U/mL penicillin, 50 g/mL streptomycin (Invitrogen-Gibco-Life
Science Technology, Karlsruhe, Germany) and 10% fetal bovine serum (FBS; Invitrogen-
Gibco-Life Science Technology) [90]. MIO-M1 cells were maintained at 37 °C, 5% CO; in a
humidified incubator until the cells reached 80% confluency. The cells were detached by
treatment with TrypLE (Invitrogen-Gibco-Life Science Technology, Waltham, MA, USA),
and the resulting cell suspension was protected with a neutral trypsin solution (Invitrogen-
Gibco-Life Science Technology) [91].

4.2. Reagents

For investigation of the NF-«B pathway, IkBa, p65, and phospho-p65 antibodies
were obtained from Cell Signaling Technology (Danvers, MA, USA). Vimentin, nestin,
and GAPDH antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). The Human Quantikine TNF-« ELISA kit was obtained from R&D Systems
(Minneapolis, MN, USA). The GFAP antibody and RIPA Cell Lysis buffer were purchased
from ThermoFisher Scientific (Fair Lawn, NJ, USA). GSK1016790A (GSK101) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

4.3. Immunofluorescent Staining of Human Miiller Glial (MIO-M1) Cells

MIO-ML1 cells were seeded on 12 mm glass coverslips placed in 24-well culture plates
in growth medium. The cells were fixed with 4% paraformaldehyde and permeabilized
with 0.1% Triton X-100. After three washes with phosphate-buffered saline (PBS), the cells
were incubated for 1 h at 37 °C with primary antibodies (1:50) in PBS with 1% bovine serum
albumin (BSA). After washing three times in PBS for 5 min each, the cells were incubated
for 1 h at room temperature with a secondary antibody (Cy-3, Alexa594) (1:100) in PBS. The
gliosis of MIO-M1 cells was confirmed through positive staining for vimentin, nestin, and
GFAP. Cells were incubated with 1 pg/mL 4’,6-diamidino-2-phenylindole dihydrochloride
(DAPI Invitrogen-Gibco-Life Science Technology) to stain the nuclei. The coverslips were
mounted with FluorSave (Calbiochem, San Diego, CA, USA), and fluorescent images were
captured using an inverted microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) and
analyzed with Zeiss ZEN imaging software (Carl Zeiss Microscopy GmbH).

4.4. Separation of Nuclei and Cytosol

MIO-M1 cells were seeded in 6-well culture plates. Cells were pretreated with statins
followed by 25 nM of GSK101, a TRPV4 agonist. Nuclei and cytosols were separated
using the Pierce™ NE-PER Nuclear and Cytoplasmic Extraction Reagents (ThermoFisher
Scientific) according to the manufacturer’s instructions. Briefly, cell lysis was demonstrated
using the CER-I and CER-II lysis buffers of the NE-PER kit. The tube containing CER-I
was centrifuged for 5 min at ~16,000x g in a microcentrifuge and the supernatant (cytosol)
was transferred to a new Eppendorf tube. After suspending the insoluble fraction, ice-cold
NER was added, and the cells were incubated for 40 min. After adding CER-II lysis buffer,
centrifugation took place for 10 min at 16,000 x g, the supernatant (nuclei) was transferred
to a new Eppendorf tube, and each sample was analyzed by Western blotting.
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4.5. Western Blot Analysis

Each cytosolic and nuclear sample was separated by SDS-polyacrylamide gel elec-
trophoresis (PAGE) and transferred to nitrocellulose membranes (Cytiva, Marlborough,
MA, USA), which were blocked in BSA for 1 h. The blots were incubated with antibodies
against phospho-IkBx (p-IkBx), GFAP, and GAPDH (Santa Cruz Biotechnology, Inc.); p65
(Cell Signaling Technology); and phospho-p65 (p-p65; Invitrogen) in blocking solution
overnight at 4 °C. The membranes were washed with PBST and then incubated with
HRP-conjugated secondary antibodies for 2 h at room temperature. The membranes were
developed using the Enhanced Chemiluminescence (ECL) detection system (Santa Cruz
Biotechnology, Inc.). Band densities were quantified using FUJIFILM Science Lab Image
Gauge Ver. 4.0 (Fuji Photo Film Co., Ltd., Tokyo, Japan).

4.6. Quantification of TNF-«

MIO-M1 cells were cultured in 6-well plates and then treated with GSK101 for 24 h or
statins for 1 h followed by GSK101. The MIO-M1 cell culture medium was analyzed for
TNF-o using an ELISA kit (R&D Systems, Minneapolis, MN, USA) according to the manu-
facturer’s instructions [92]. The absorbance at 450 nm was determined by an automated
microplate reader (Vmax; Molecular Devices, Palo Alto, CA, USA), and the results were
analyzed using Prism 6.05 (GraphPad Software, Inc., San Diego, CA, USA).

4.7. Statistical Analysis

All values are expressed as means =+ standard deviations (SD). The results represent
three separate experiments conducted under the same conditions. Unpaired f-tests and one-
way ANOVAs were used for statistical comparison. All statistical analyses were performed
using an ANOVA test with Prism 6.05 (GraphPad Software, Inc.). * p < 0.05 and ** p < 0.001
were considered significant.

Author Contributions: Conceptualization, K.R.S.; investigation, G.W.C.; writing—original draft
preparation, Y.H.]J.; writing—review and editing, M.-L.K., K.R.S.; visualization, G.W.C.; supervision,
KRS.,; funding acquisition, K.R.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the Basic Science Research Program through the National
Research Foundation of Korea, which is funded by the Ministry of Education, Science and Technology
(No. NRF-2020R1A2C2005270), and by a grant (2019-500) from the Asan Institute for Life Sciences,
Asan Medical Center, Seoul, South Korea.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wilson, A.; Di Polo, A. Gene therapy for retinal ganglion cell neuroprotection in glaucoma. Gene Ther. 2012, 19, 127-136.
[CrossRef] [PubMed]

2. Almasieh, M.; Wilson, A.M.; Morquette, B.; Vargas, ].L.C.; Di Polo, A. The molecular basis of retinal ganglion cell death in
glaucoma. Prog. Retin. Eye Res. 2012, 31, 152-181. [CrossRef] [PubMed]

3.  Bringmann, A.; Pannicke, T.; Grosche, ].; Francke, M.; Wiedemann, P.; Skatchkov, S.N.; Osborne, N.N.; Reichenbach, A. Miiller
cells in the healthy and diseased retina. Prog. Retin. Eye Res. 2006, 25, 397-424. [CrossRef] [PubMed]

4. Bringmann, A.; Reichenbach, A.J.EB. Role of Muller cells in retinal degenerations. Front. Biosci. 2001, 6, E72-E92. [CrossRef]
[PubMed]

5. Fischer, A.J,; Reh, T.A. Potential of Miiller glia to become neurogenic retinal progenitor cells. Glia 2003, 43, 70-76. [CrossRef]
[PubMed]

6. Wei, X.; Cho, K.S,; Thee, E.F.; Jager, M.J.; Chen, D.E. Neuroinflammation and microglia in glaucoma: Time for a paradigm shift.

J. Neurosci. Res. 2019, 97, 70-76. [CrossRef] [PubMed]


http://doi.org/10.1038/gt.2011.142
http://www.ncbi.nlm.nih.gov/pubmed/21975466
http://doi.org/10.1016/j.preteyeres.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22155051
http://doi.org/10.1016/j.preteyeres.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16839797
http://doi.org/10.2741/Bringman
http://www.ncbi.nlm.nih.gov/pubmed/11578954
http://doi.org/10.1002/glia.10218
http://www.ncbi.nlm.nih.gov/pubmed/12761869
http://doi.org/10.1002/jnr.24256
http://www.ncbi.nlm.nih.gov/pubmed/29775216

Int. J. Mol. Sci. 2022, 23, 5190 12 0f 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

Zeng, H.-L.; Shi, J.-M. The role of microglia in the progression of glaucomatous neurodegeneration—A review. Int. J. Ophthalmol.
2018, 11, 143.

Brian, C.T.; Dvoriantchikova, G.; Tao, W.; Gallo, R.A.; Lee, ].Y,; Pappas, S.; Brambilla, R.; Ivanov, D.; David, T.T.; Pelaez, D.
Tumor necrosis factor inhibition in the acute management of traumatic optic neuropathy. Investig. Ophthalmol. Vis. Sci. 2018, 59,
2905-2912.

Fuchs, C.; Forster, V.; Balse, E.; Sahel, J.-A.; Picaud, S.; Tessier, L.-H. Retinal-Cell-Conditioned Medium Prevents TNF-«-Induced
Apoptosis of Purified Ganglion Cells. Investig. Ophthalmol. Vis. Sci. 2005, 46, 2983-2991. [CrossRef]

Kondkar, A.A.; Sultan, T.; Almobarak, F.A.; Kalantan, H.; Al-Obeidan, S.A.; Abu-Amero, K.K. Association of increased levels of
plasma tumor necrosis factor alpha with primary open-angle glaucoma. Clin. Ophthalmol. 2018, 12, 701. [CrossRef]

Liu, S.-T.; Zhong, S.-M.; Li, X.-Y.; Gao, F; Li, F; Zhang, M.-L.; Zhu, K,; Sun, X.-H.; Wang, X.; Miao, Y.; et al. EphrinB/EphB
forward signaling in Miiller cells causes apoptosis of retinal ganglion cells by increasing tumor necrosis factor alpha production
in rat experimental glaucomatous model. Acta Neuropathol. Commun. 2018, 6, 111. [CrossRef]

Limb, G.A.; Salt, T.E.; Munro, PM.; Moss, S.E.; Khaw, P.T. In vitro characterization of a spontaneously immortalized human
Miiller cell line (MIO-M1). Investig. Ophthalmol. Vis. Sci. 2002, 43, 864-869.

Hollborn, M.; Jahn, K.; Limb, G.A.; Kohen, L.; Wiedemann, P.; Bringmann, A. Characterization of the basic fibroblast growth
factor-evoked proliferation of the human Miiller cell line, MIO-M1. Graefe’s Arch. Clin. Exp. Ophthalmol. 2004, 242, 414-422.
[CrossRef]

Ramirez, C.; Pham, K.; Franco, M.EE.; Chwa, M.; Limb, A.; Kuppermann, B.D.; Kenney, M.C. Hydroquinone induces oxidative
and mitochondrial damage to human retinal Miiller cells (MIO-M1). NeuroToxicology 2013, 39, 102-108. [CrossRef]

Baratchi, S.; Keov, P; Darby, W.G.; Lai, A.; Khoshmanesh, K.; Thurgood, P; Vahidi, P.; Ejendal, K.; McIntyre, P. The TRPV4 agonist
GSK1016790A regulates the membrane expression of TRPV4 channels. Front. Pharmacol. 2019, 10, 6. [CrossRef]

Li, Q.; Cheng, Y.; Zhang, S.; Sun, X.; Wu, J. TRPV4-induced Miiller cell gliosis and TNF-« elevation-mediated retinal ganglion cell
apoptosis in glaucomatous rats via JAK2/STAT3/NF-«B pathway. ]. Neuroinflamm. 2021, 18, 271. [CrossRef]

Okada, M.; Matsumura, M.; Ogino, N.; Honda, Y. Miiller cells in detached human retina express glial fibrillary acidic protein and
vimentin. Graefe’s Arch. Clin. Exp. Ophthalmol. 1990, 228, 467-474. [CrossRef]

Walcott, J.C.; Provis, ] M. Miiller cells express the neuronal progenitor cell marker nestin in both differentiated and undifferentiated
human foetal retina. Clin. Exp. Ophthalmol. 2003, 31, 246-249. [CrossRef]

Nork, T.M.; Ghobrial, M.W.; Peyman, G.A.; Tso, M.O. Massive retinal gliosis: A reactive proliferation of Miiller cells. Arch.
Ophthalmol. 1986, 104, 1383-1389. [CrossRef]

Mizutani, M.; Gerhardinger, C.; Lorenzi, M. Miiller cell changes in human diabetic retinopathy. Diabetes 1998, 47, 445-449.
[CrossRef]

Hotchkiss, R.S.; Karl, LE. The pathophysiology and treatment of sepsis. N. Engl. ]. Med. 2003, 348, 138-150. [CrossRef]
Arnalich, E; Garcia-Palomero, E.; Lopez, |.; iménez, M.; Madero, R.; Renart, J.; Vazquez, J.J.; Montiel, C. Predictive value of
nuclear factor kB activity and plasma cytokine levels in patients with sepsis. Infect. Immun. 2000, 68, 1942-1945. [CrossRef]
[PubMed]

Liao, J.K.; Laufs, U. Pleiotropic effects of statins. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 89-118. [CrossRef] [PubMed]
Davignon, J. Beneficial cardiovascular pleiotropic effects of statins. Circulation 2004, 109 (Suppl. 1), III-39-I11-43. [CrossRef]
[PubMed]

Zhou, Q.; Liao, ].K. Pleiotropic effects of statins. Circ. J. 2010, 74, 818-826. [CrossRef] [PubMed]

Schmeer, C.; Kretz, A.; Isenmann, S. Statin-mediated protective effects in the central nervous system: General mechanisms and
putative role of stress proteins. Restor. Neurol. Neurosci. 2006, 24, 79-95. [PubMed]

Stein, J.D.; Newman-Casey, P.A.; Talwar, N.; Nan, B.; Richards, J.E.; Musch, D.C. The relationship between statin use and
open-angle glaucoma. Ophthalmology 2012, 119, 2074-2081. [CrossRef] [PubMed]

McGwin, G.; McNeal, S.; Owsley, C.; Girkin, C.; Epstein, D.; Lee, P.P. Statins and Other Cholesterol-Lowering Medications and
the Presenceof Glaucoma. Arch. Ophthalmol. 2004, 122, 822-826. [CrossRef]

De Castro, D.K.; Punjabi, O.S.; Bostrom, A.G.; Stamper, R.L.; Lietman, T.M.; Ray, K.; Lin, S.C. Effect of statin drugs and aspirin on
progression in open-angle glaucoma suspects using confocal scanning laser ophthalmoscopy. Clin. Exp. Ophthalmol. 2007, 35,
506-513. [CrossRef]

Shon, K.; Sung, K.R. Dyslipidemia, Dyslipidemia Treatment, and Open-angle Glaucoma in the Korean National Health and
Nutrition Examination Survey. J. Glaucoma 2019, 28, 550-556. [CrossRef]

Marcus, M.W,; Miiskens, R.P.; Ramdas, W.D.; Wolfs, R.C.; De Jong, P.T,; Vingerling, ].R.; Hofman, A.; Stricker, B.H.; Jansonius, N.M.
Cholesterol-lowering drugs and incident open-angle glaucoma: A population-based cohort study. PLoS ONE 2012, 7, e29724.
[CrossRef]

Kang, J.H.; Boumenna, T.; Stein, ].D.; Khawaja, A.; Rosner, B.A.; Wiggs, J.L.; Pasquale, L.R. Association of statin use and high
serum cholesterol levels with risk of primary open-angle glaucoma. JAMA Ophthalmol. 2019, 137, 756-765. [CrossRef]

Ooba, N.; Iwahashi, R.; Nogami, A.; Nakayama, T.; Kanno, A.; Tochikura, N.; Ootsuka, S.; Fukuoka, N. Comparison between
high and low potency statins in the incidence of open-angle glaucoma: A retrospective cohort study in Japanese working-age
population. PLoS ONE 2020, 15, e0237617. [CrossRef]


http://doi.org/10.1167/iovs.04-1177
http://doi.org/10.2147/OPTH.S162999
http://doi.org/10.1186/s40478-018-0618-x
http://doi.org/10.1007/s00417-004-0879-x
http://doi.org/10.1016/j.neuro.2013.08.004
http://doi.org/10.3389/fphar.2019.00006
http://doi.org/10.1186/s12974-021-02315-8
http://doi.org/10.1007/BF00927264
http://doi.org/10.1046/j.1442-9071.2003.00638.x
http://doi.org/10.1001/archopht.1986.01050210137041
http://doi.org/10.2337/diabetes.47.3.445
http://doi.org/10.1056/NEJMra021333
http://doi.org/10.1128/IAI.68.4.1942-1945.2000
http://www.ncbi.nlm.nih.gov/pubmed/10722586
http://doi.org/10.1146/annurev.pharmtox.45.120403.095748
http://www.ncbi.nlm.nih.gov/pubmed/15822172
http://doi.org/10.1161/01.CIR.0000131517.20177.5a
http://www.ncbi.nlm.nih.gov/pubmed/15198965
http://doi.org/10.1253/circj.CJ-10-0110
http://www.ncbi.nlm.nih.gov/pubmed/20424337
http://www.ncbi.nlm.nih.gov/pubmed/16720944
http://doi.org/10.1016/j.ophtha.2012.04.029
http://www.ncbi.nlm.nih.gov/pubmed/22727176
http://doi.org/10.1001/archopht.122.6.822
http://doi.org/10.1111/j.1442-9071.2007.01529.x
http://doi.org/10.1097/IJG.0000000000001237
http://doi.org/10.1371/journal.pone.0029724
http://doi.org/10.1001/jamaophthalmol.2019.0900
http://doi.org/10.1371/journal.pone.0237617

Int. J. Mol. Sci. 2022, 23, 5190 13 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

Chen, H.-Y,; Hsu, S.-Y.; Chang, Y.-C.; Lin, C.-C.; Sung, E-C.; Chen, W.-C.; Kao, C.-H. Association between statin use and
open-angle glaucoma in hyperlipidemia patients: A Taiwanese population-based case-control study. Medicine 2015, 94, e2018.
[CrossRef]

Villarreal, G.; Chatterjee, A.; Oh, S.S.; Oh, D.-].; Rhee, D.J. Pharmacological regulation of SPARC by lovastatin in human trabecular
meshwork cells. Investig. Ophthalmol. Vis. Sci. 2014, 55, 1657-1665. [CrossRef]

Kim, M.-L.; Sung, K.R;; Shin, J.A.; Yoon, J.Y.; Jang, J. Statins reduce TGF-beta2-modulation of the extracellular matrix in cultured
astrocytes of the human optic nerve head. Exp. Eye Res. 2017, 164, 55-63. [CrossRef]

Kim, M.-L.; Sung, K.R.; Kwon, J.; Shin, J.A. Statins Suppress TGF-f32-Mediated MMP-2 and MMP-9 Expression and Activation
through RhoA /ROCK Inhibition in Astrocytes of the Human Optic Nerve Head. Investig. Ophthalmol. Vis. Sci. 2020, 61, 29.
[CrossRef]

Taylor, S.; Calder, C.J.; Albon, J.; Erichsen, ]J.T.; Boulton, M.E.; Morgan, J.E. Involvement of the CD200 receptor complex in
microglia activation in experimental glaucoma. Exp. Eye Res. 2011, 92, 338-343. [CrossRef]

Howell, G.R,; Libby, R.T.; Jakobs, T.C.; Smith, R.S.; Phalan, EC.; Barter, ] W.; Barbay, ]. M.; Marchant, ].K.; Mahesh, N.; Porciatti, V.;
et al. Axons of retinal ganglion cells are insulted in the optic nerve early in DBA /2] glaucoma. J. Cell Biol. 2007, 179, 1523-1537.
[CrossRef]

Kaur, C.; Foulds, W.S; Ling, E.-A. Hypoxia-ischemia and retinal ganglion cell damage. Clin. Ophthalmol. 2008, 2, 879. [CrossRef]
Tezel, G.; Yang, X,; Luo, C.; Cai, J.; Kain, A.D.; Powell, D.W.; Kuehn, M.H.; Pierce, W.M. Hemoglobin expression and regulation in
glaucoma: Insights into retinal ganglion cell oxygenation. Investig. Ophthalmol. Vis. Sci. 2010, 51, 907-919. [CrossRef] [PubMed]
Tezel, G.; Yang, X.; Luo, C.; Peng, Y.; Sun, S.L.; Sun, D. Mechanisms of immune system activation in glaucoma: Oxidative
stress-stimulated antigen presentation by the retina and optic nerve head glia. Investig. Ophthalmol. Vis. Sci. 2007, 48, 705-714.
[CrossRef] [PubMed]

Gendaszewska-Darmach, E.; Garstka, M. A.; Blazewska, K.M. Targeting Small GTPases and Their Prenylation in Diabetes Mellitus.
J. Med. Chem. 2021, 64, 9677-9710. [CrossRef]

Wang, C.Y,; Liu, PY;; Liao, ] K. Pleiotropic effects of statin therapy: Molecular mechanisms and clinical results. Trends Mol. Med.
2008, 14, 37-44. [CrossRef] [PubMed]

Laufs, U.; Custodis, F.; Bohm, M. HMG-CoA reductase inhibitors in chronic heart failure: Potential mechanisms of benefit and
risk. Drugs 2006, 66, 145-154. [CrossRef] [PubMed]

Greenwood, J.; Steinman, L.; Zamvil, S.S. Statin therapy and autoimmune disease: From protein prenylation to immunomodula-
tion. Nat. Rev. Immunol. 2006, 6, 358-370. [CrossRef] [PubMed]

Alt, A.; Hilgers, R.D.; Tura, A.; Nassar, K.; Schneider, T.; Hueber, A.; Januschowski, K.; Grisanti, S.; Liike, J.; Liike, M. The
Neuroprotective Potential of Rho-Kinase Inhibition in Promoting Cell Survival and Reducing Reactive Gliosis in Response to
Hypoxia in Isolated Bovine Retina. Cell. Physiol. Biochem. 2013, 32, 218-234. [CrossRef]

Leung, D.Y,; Li, EC.; Kwong, Y.Y,; Tham, C.C.; Chi, S.C.; Lam, D.S. Simvastatin and disease stabilization in normal tension
glaucoma: A cohort study. Ophthalmology 2010, 117, 471-476. [CrossRef]

McCann, P; Hogg, R.E.; Fallis, R.; Azuara-Blanco, A. The effect of statins on intraocular pressure and on the incidence and
progression of glaucoma: A systematic review and meta-analysis. Investig. Ophthalmol. Vis. Sci. 2016, 57, 2729-2748. [CrossRef]

Lee, E.J.; Kim, T-W.; Kim, J.-A_; Kim, J.-A. Parapapillary Deep-Layer microvasculature dropout in primary open-angle glaucoma
eyes with a parapapillary y-Zone. Investig. Ophthalmol. Vis. Sci. 2017, 58, 5673-5680. [CrossRef]

Toft-Kehler, A.; Skytt, D.; Kolko, M. A perspective on the Miiller cell-neuron metabolic partnership in the inner retina. Mol.
Neurobiol. 2018, 55, 5353-5361. [CrossRef]

Shinozaki, Y.; Koizumi, S. Pathogenic roles of retinal glia in glaucoma. Folia Pharmacol. Jpn. 2020, 155, 87-92. [CrossRef]

Seitz, R.; Ohlmann, A.; Tamm, E.R. The role of Miiller glia and microglia in glaucoma. Cell Tissue Res. 2013, 353, 339-345.
[CrossRef]

De Hoz, R.; Rojas, B.; Ramirez, A.L; Salazar, ].].; Gallego, B.L; Trivifio, A.; Ramirez, ]. M. Retinal macroglial responses in health and
disease. BioMed Res. Int. 2016, 2016, 2954721. [CrossRef]

Baumann, B.; Sterling, J.; Song, Y.; Song, D.; Fruttiger, M.; Gillies, M.; Shen, W.; Dunaief, ].L. Conditional Miiller cell ablation
leads to retinal iron accumulation. Investig. Ophthalmol. Vis. Sci. 2017, 58, 4223-4234. [CrossRef]

Johnson, E.C.; Morrison, J.C. Friend or foe? Resolving the impact of glial responses in glaucoma. J. Glaucoma 2009, 18, 341.
[CrossRef]

Gallego, B.I; Salazar, ].].; de Hoz, R.; Rojas, B.; Ramirez, A.I; Salinas-Navarro, M.; Ortin-Martinez, A.; Valiente-Soriano, EJ.;
Avilés-Trigueros, M.; Villegas-Perez, M.P; et al. IOP induces upregulation of GFAP and MHC-II and microglia reactivity in mice
retina contralateral to experimental glaucoma. J. Neuroinflamm. 2012, 9, 92. [CrossRef]

Gao, F; Yang, Z.; Jacoby, R.A.; Wu, S.M.; Pang, ].-J. The expression and function of TRPV4 channels in primate retinal ganglion
cells and bipolar cells. Cell Death Dis. 2019, 10, 364. [CrossRef]

Sappington, R.M.; Sidorova, T.; Ward, N.J.; Chakravarthy, R.; Ho, KW.; Calkins, D.]. Activation of transient receptor potential
vanilloid-1 (TRPV1) influences how retinal ganglion cell neurons respond to pressure-related stress. Channels 2015, 9, 102-113.
[CrossRef]

Lee, J.C.; Choe, S.Y. Age-related changes in the distribution of transient receptor potential vanilloid 4 channel (TRPV4) in the
central nervous system of rats. J. Mol. Histol. 2014, 45, 497-505. [CrossRef]


http://doi.org/10.1097/MD.0000000000002018
http://doi.org/10.1167/iovs.13-12712
http://doi.org/10.1016/j.exer.2017.08.004
http://doi.org/10.1167/iovs.61.5.29
http://doi.org/10.1016/j.exer.2011.01.012
http://doi.org/10.1083/jcb.200706181
http://doi.org/10.2147/OPTH.S3361
http://doi.org/10.1167/iovs.09-4014
http://www.ncbi.nlm.nih.gov/pubmed/19741249
http://doi.org/10.1167/iovs.06-0810
http://www.ncbi.nlm.nih.gov/pubmed/17251469
http://doi.org/10.1021/acs.jmedchem.1c00410
http://doi.org/10.1016/j.molmed.2007.11.004
http://www.ncbi.nlm.nih.gov/pubmed/18068482
http://doi.org/10.2165/00003495-200666020-00002
http://www.ncbi.nlm.nih.gov/pubmed/16451090
http://doi.org/10.1038/nri1839
http://www.ncbi.nlm.nih.gov/pubmed/16639429
http://doi.org/10.1159/000350138
http://doi.org/10.1016/j.ophtha.2009.08.016
http://doi.org/10.1167/iovs.15-18595
http://doi.org/10.1167/iovs.17-22604
http://doi.org/10.1007/s12035-017-0760-7
http://doi.org/10.1254/fpj.19120
http://doi.org/10.1007/s00441-013-1666-y
http://doi.org/10.1155/2016/2954721
http://doi.org/10.1167/iovs.17-21743
http://doi.org/10.1097/IJG.0b013e31818c6ef6
http://doi.org/10.1186/1742-2094-9-92
http://doi.org/10.1038/s41419-019-1576-3
http://doi.org/10.1080/19336950.2015.1009272
http://doi.org/10.1007/s10735-014-9578-z

Int. J. Mol. Sci. 2022, 23, 5190 14 0of 15

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Butenko, O.; Dzamba, D.; Benesova, J.; Honsa, P; Benfenati, V.; Rusnakova, V.; Ferroni, S.; Anderova, M. The increased activity of
TRPV4 channel in the astrocytes of the adult rat hippocampus after cerebral hypoxia/ischemia. PLoS ONE 2012, 7, €39959.
Ryskamp, D.A.; Witkovsky, P.; Barabas, P.; Huang, W.; Koehler, C.; Akimov, N.P.; Lee, S.H.; Chauhan, S.; Xing, W.; Renteria, R.C,;
et al. The polymodal ion channel transient receptor potential vanilloid 4 modulates calcium flux, spiking rate, and apoptosis of
mouse retinal ganglion cells. J. Neurosci. 2011, 31, 7089-7101. [CrossRef] [PubMed]

Ryskamp, D.A.; Jo, A.O.; Frye, AM.; Vazquez-Chona, F.; MacAulay, N.; Thoreson, W.B.; Krizaj, D. Swelling and eicosanoid
metabolites differentially gate TRPV4 channels in retinal neurons and glia. J. Neurosci. 2014, 34, 15689-15700. [CrossRef]

Taylor, L.; Arnér, K.; Ghosh, E. Specific inhibition of TRPV4 enhances retinal ganglion cell survival in adult porcine retinal explants.
Exp. Eye Res. 2017, 154, 10-21. [CrossRef]

Liu, M,; Liu, X.; Wang, L.; Wang, Y;; Dong, F.; Wu, ].; Qu, X,; Liu, Y,; Liu, Z.; Fan, H.; et al. TRPV4 Inhibition Improved Myelination
and Reduced Glia Reactivity and Inflammation in a Cuprizone-Induced Mouse Model of Demyelination. Front. Cell. Neurosci.
2018, 12, 392. [CrossRef] [PubMed]

Ryskamp, D.A.; Frye, A.M.; Phuong, T.T.; Yarishkin, O.; Jo, A.O.; Xu, Y.; Lakk, M.; Iuso, A.; Redmon, S.N.; Ambati, B.; et al.
TRPV4 regulates calcium homeostasis, cytoskeletal remodeling, conventional outflow and intraocular pressure in the mammalian
eye. Sci. Rep. 2016, 6, 30583. [CrossRef] [PubMed]

Patel, P.D.; Chen, Y.-L.; Kasetti, R.B.; Maddineni, P.; Mayhew, W.; Millar, ].C.; Ellis, D.Z.; Sonkusare, S.K.; Zode, G.S. Impaired
TRPV4-eNOS signaling in trabecular meshwork elevates intraocular pressure in glaucoma. Proc. Natl. Acad. Sci. USA 2021, 118,
€2022461118. [CrossRef] [PubMed]

Hiscott, J.; Marois, J.; Garoufalis, J.; D’addario, M.; Roulston, A.; Kwan, L; Pepin, N.; Lacoste, J.; Nguyen, H.; Bensi, G.
Characterization of a functional NF-kappa B site in the human interleukin 1 beta promoter: Evidence for a positive autoregulatory
loop. Mol. Cell. Biol. 1993, 13, 6231-6240.

Mori, N.; Prager, D. Transactivation of the interleukin-lalpha promoter by human T-cell leukemia virus type I and type II Tax
proteins. Blood 1996, 87, 3410-3417. [CrossRef]

Shakhov, A.N.; Collart, M.; Vassalli, P.; Nedospasov, S.; Jongeneel, C.V. Kappa B-type enhancers are involved in lipopolysaccharide-
mediated transcriptional activation of the tumor necrosis factor alpha gene in primary macrophages. J. Exp. Med. 1990, 171, 35-47.
[CrossRef]

Tezel, G. TNF-a signaling in glaucomatous neurodegeneration. Prog. Brain Res. 2008, 173, 409-421.

Kitaoka, Y.; Kitaoka, Y.; Kwong, ].M.; Ross-Cisneros, EN.; Wang, J.; Tsai, R.K.; Sadun, A.A.; Lam, T.T. TNF-a-induced optic nerve
degeneration and nuclear factor-kB p65. Investig. Ophthalmol. Vis. Sci. 2006, 47, 1448-1457. [CrossRef]

Shi, Z.; Rudzinski, M.; Meerovitch, K.; Lebrun-Julien, F,; Birman, E.; Di Polo, A.; Saragovi, H.U. x2-Macroglobulin is a mediator
of retinal ganglion cell death in glaucoma. J. Biol. Chem. 2008, 283, 29156-29165. [CrossRef]

Vargas, ].L.C.; Osswald, L.K.; Unsain, N.; Aurousseau, M.R.; Barker, P.A.; Bowie, D.; Di Polo, A. Soluble tumor necrosis factor
alpha promotes retinal ganglion cell death in glaucoma via calcium-permeable AMPA receptor activation. J. Neurosci. 2015, 35,
12088-12102. [CrossRef]

Nakazawa, T.; Nakazawa, C.; Matsubara, A.; Noda, K.; Hisatomi, T.; She, H.; Michaud, N.; Hafezi-Moghadam, A.; Miller, JW.,;
Benowitz, L.I. Tumor necrosis factor-« mediates oligodendrocyte death and delayed retinal ganglion cell loss in a mouse model
of glaucoma. . Neurosci. 2006, 26, 12633-12641. [CrossRef]

Wang, X,; Tay, S.5.-W.; Ng, Y.-K. An immunohistochemical study of neuronal and glial cell reactions in retinae of rats with
experimental glaucoma. Exp. Brain Res. 2000, 132, 476-484. [CrossRef]

Tezel, G.; Li, L.Y,; Patil, R.V.; Wax, M.B. TNF-« and TNF-« receptor-1 in the retina of normal and glaucomatous eyes. Investig.
Ophthalmol. Vis. Sci. 2001, 42, 1787-1794.

Yan, X.; Tezel, G.; Wax, M.B.; Edward, D.P. Matrix metalloproteinases and tumor necrosis factor « in glaucomatous optic nerve
head. Arch. Ophthalmol. 2000, 118, 666—673. [CrossRef]

Yuan, L.; Neufeld, A.H. Tumor necrosis factor-o: A potentially neurodestructive cytokine produced by glia in the human
glaucomatous optic nerve head. Glia 2000, 32, 42-50. [CrossRef]

Lebrun-Julien, F,; Bertrand, M.].; De Backer, O.; Stellwagen, D.; Morales, C.R.; Di Polo, A.; Barker, P.A. ProNGF induces TNF«-
dependent death of retinal ganglion cells through a p75NTR non-cell-autonomous signaling pathway. Proc. Natl. Acad. Sci. USA
2010, 107, 3817-3822. [CrossRef]

Roh, M.; Zhang, Y.; Murakami, Y.; Thanos, A.; Lee, S.C.; Vavvas, D.G.; Benowitz, L.I.; Miller, ].W. Etanercept, a widely used
inhibitor of tumor necrosis factor-o (TNF-«), prevents retinal ganglion cell loss in a rat model of glaucoma. PLoS ONE 2012, 7,
€40065. [CrossRef] [PubMed]

Livne-Bar, I; Lam, S.; Chan, D.; Guo, X.; Askar, I.; Nahirnyj, A.; Flanagan, J.G.; Sivak, ].M. Pharmacologic inhibition of reactive
gliosis blocks TNF-a-mediated neuronal apoptosis. Cell Death Dis. 2016, 7, €2386. [CrossRef] [PubMed]

Ahn, K.S.; Sethi, G.; Aggarwal, B.B. Reversal of chemoresistance and enhancement of apoptosis by statins through down-
regulation of the NF-kappaB pathway. Biochem. Pharmacol. 2008, 75, 907-913. [CrossRef] [PubMed]

Tu, J.; Li, W,; Zhang, Y.; Wu, X,; Song, Y.; Kang, L.; Liu, W.; Wang, K.; Li, S.; Hua, W.; et al. Simvastatin Inhibits IL-1 [beta]-Induced
Apoptosis and Extracellular Matrix Degradation by Suppressing the NF-kB and MAPK Pathways in Nucleus Pulposus Cells.
Inflammation 2017, 40, 725. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.0359-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21562271
http://doi.org/10.1523/JNEUROSCI.2540-14.2014
http://doi.org/10.1016/j.exer.2016.11.002
http://doi.org/10.3389/fncel.2018.00392
http://www.ncbi.nlm.nih.gov/pubmed/30455633
http://doi.org/10.1038/srep30583
http://www.ncbi.nlm.nih.gov/pubmed/27510430
http://doi.org/10.1073/pnas.2022461118
http://www.ncbi.nlm.nih.gov/pubmed/33853948
http://doi.org/10.1182/blood.V87.8.3410.bloodjournal8783410
http://doi.org/10.1084/jem.171.1.35
http://doi.org/10.1167/iovs.05-0299
http://doi.org/10.1074/jbc.M802365200
http://doi.org/10.1523/JNEUROSCI.1273-15.2015
http://doi.org/10.1523/JNEUROSCI.2801-06.2006
http://doi.org/10.1007/s002210000360
http://doi.org/10.1001/archopht.118.5.666
http://doi.org/10.1002/1098-1136(200010)32:1&lt;42::AID-GLIA40&gt;3.0.CO;2-3
http://doi.org/10.1073/pnas.0909276107
http://doi.org/10.1371/journal.pone.0040065
http://www.ncbi.nlm.nih.gov/pubmed/22802951
http://doi.org/10.1038/cddis.2016.277
http://www.ncbi.nlm.nih.gov/pubmed/27685630
http://doi.org/10.1016/j.bcp.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18036510
http://doi.org/10.1007/s10753-017-0516-6

Int. J. Mol. Sci. 2022, 23, 5190 150f 15

85.

86.

87.

88.

89.

90.

91.

92.

Reiss, A.B.; Wirkowski, E. Statins in neurological disorders: Mechanisms and therapeutic value. Sci. World J. 2009, 9, 1242-1259.
[CrossRef]

Undela, K.; Gudala, K.; Malla, S.; Bansal, D. Statin use and risk of Parkinson’s disease: A meta-analysis of observational studies.
J. Neurol. 2013, 260, 158-165. [CrossRef]

Carroll, J.A ; Race, B.; Phillips, K.; Striebel, ].E,; Chesebro, B. Statins are ineffective at reducing neuroinflammation or prolonging
survival in scrapie-infected mice. J. Gen. Virol. 2017, 98, 2190-2199. [CrossRef]

Tison, F.; Negre-Pages, L.; Meissner, W.G.; Dupouy, S.; Li, Q.; Thiolat, M.-L.; Thiollier, T.; Galitzky, M.; Ory-Magne, F; Milhet, A,;
et al. Simvastatin decreases levodopa-induced dyskinesia in monkeys, but not in a randomized, placebo-controlled, multiple
cross-over (“n-of-1”) exploratory trial of simvastatin against levodopa-induced dyskinesia in Parkinson’s disease patients.
Parkinsonism Relat. Disord. 2013, 19, 416—421. [CrossRef]

Ma, T,; Zhao, Y.; Kwak, Y.D.; Yang, Z.; Thompson, R.; Luo, Z.; Xu, H.; Liao, EF. Statin’s excitoprotection is mediated by sAPP and
the subsequent attenuation of calpain-induced truncation events, likely via rho-ROCK signaling. J. Neurosci. Off. ]. Soc. Neurosci.
2009, 29, 11226-11236. [CrossRef]

Lawrence, ].; Singhal, S.; Bhatia, B.; Keegan, D.; Reh, T; Luthert, P.; Khaw, P.; Limb, G.A. MIO-M1 cells and similar muller glial
cell lines derived from adult human retina exhibit neural stem cell characteristics. Stem Cells 2007, 25, 2033-2043. [CrossRef]
Vohra, R.; Gurubaran, I.S.; Henriksen, U.; Bergersen, L.H.; Rasmussen, L.J.; Desler, C.; Skytt, D.M.; Kolko, M. Disturbed
mitochondrial function restricts glutamate uptake in the human Miiller glia cell line, MIO-M1. Mitochondrion 2017, 36, 52-59.
[CrossRef]

Jin, M.; Wu, Z.; Chen, L,; Jaimes, J.; Collins, D.; Walters, E.T.; O’Neil, R.G. Determinants of TRPV4 activity following selective
activation by small molecule agonist GSK1016790A. PLoS ONE 2011, 6, €16713. [CrossRef]


http://doi.org/10.1100/tsw.2009.141
http://doi.org/10.1007/s00415-012-6606-3
http://doi.org/10.1099/jgv.0.000876
http://doi.org/10.1016/j.parkreldis.2012.12.003
http://doi.org/10.1523/JNEUROSCI.6150-08.2009
http://doi.org/10.1634/stemcells.2006-0724
http://doi.org/10.1016/j.mito.2017.02.003
http://doi.org/10.1371/journal.pone.0016713

	Introduction 
	Results 
	Evaluation of Müller Gliosis in MIO-M1 Cells and the Effect of Statins 
	TNF- as a Candidate to Induce Gliosis and Its Reduction by Statins 
	NF-B Pathway in MIO-M1 Cells 
	Statins Inhibit the NF-B Pathway 
	Statins Reduce IB Phosphorylation 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Reagents 
	Immunofluorescent Staining of Human Müller Glial (MIO-M1) Cells 
	Separation of Nuclei and Cytosol 
	Western Blot Analysis 
	Quantification of TNF- 
	Statistical Analysis 

	References

