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Abstract: The lamina cribrosa (LC) is a key site of fibrotic damage in glaucomatous optic neuropathy
and the precise mechanisms of LC change remain unclear. Elevated Ca2+ is a major driver of fibrosis,
and therefore intracellular Ca2+ signaling pathways are relevant glaucoma-related mechanisms that
need to be studied. Protein kinase C (PKC), mitogen-activated MAPK kinases (p38 and p42/44-
MAPK), and the PI3K/mTOR axis are key Ca2+ signal transducers in fibrosis and we therefore
investigated their expression and activity in normal and glaucoma cultured LC cells. We show,
using Western immune-blotting, that hyposmotic-induced cellular swelling activates PKCα, p42/p44,
and p38 MAPKs, the activity is transient and biphasic as it peaks between 2 min and 10 min. The
expression and activity of PKCα, p38 and p42/p44-MAPKs are significantly (p < 0.05) increased in
glaucoma LC cells at basal level, and at different time-points after hyposmotic stretch. We also found
elevated mRNA expression of mRNA expression of PI3K, IP3R, mTOR, and CaMKII in glaucoma LC
cells. This study has identified abnormalities in multiple calcium signaling pathways (PKCα, MAPK,
PI3K) in glaucoma LC cells, which might have significant functional and therapeutic implications in
optic nerve head (ONH) fibrosis and cupping in glaucoma.
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1. Introduction

Glaucoma is an optic neuropathy characterized by optic nerve head (ONH) cupping
and pallor and loss of retinal ganglion cells leading to blindness [1]. In the ONH, the
connective tissue lamina cribrosa (LC) is a key site of damage in glaucoma. Pathological
features include excessive extracellular matrix (ECM) accumulation in the LC area that
leads to tissue remodeling and fibrosis [2,3]. The ECM remodeling includes increased
deposition of collagens [4], loss of elastin structure [5], and higher transforming growth
factor-β2 (TGF-β2) and matrix metalloproteinase-2 (MMP-2) protein levels in human
glaucoma LC tissue [6].

Fibrosis is a molecular process defined by the accumulation of excess of ECM which
ultimately damages the connective tissue leading to impairment of normal function; it
occurs in multiple tissues and organs including heart, kidney, lung, skin, liver [7–9],
pancreas, intestine, and eye [10,11]. Fibrosis is the result of tissue stiffening caused by
the excess deposition of ECM proteins in response to chronic inflammation, provoked by
different stimuli such as hypoxia, oxidative stress, mechanical stretch, and growth factors
(e.g., TGFβ). These stimuli can promote fibroblasts to proliferate, migrate, and acquire an
activated phonotype change into myofibroblasts contributing to further tissue remodeling
and subsequently fibrosis [10]. The transition of a normal fibroblast to a myofibroblast cell
also involves altered expression of various proteins required in calcium (Ca2+) regulation
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and signaling, including protein kinase C (PKC) and mitogen-activated protein kinase
(MAPKs) [12]. Therefore, aberrant elevation of intracellular [Ca2+]i levels may lead to cell
proliferation and thus contribute to fibrosis and carcinogenesis [13]. It has been shown in
cancer cells that the mechanism behind Ca2+-induced cell proliferation is caused by the
opening of Ca2+ channels allowing Ca2+ entry, followed by downstream activation of the
MAPKs pathway promoting cell proliferation [14].

In glaucoma, both the tissues of the LC and the trabecular meshwork (TM) demon-
strate considerable ECM fibrosis [15,16]. Previous work from our group has focused on
deciphering the different fibrotic signatures of LC cells in response to glaucomatous change.
We have shown that glaucoma LC cells [17], exhibit a hyper-proliferative phenotype, with
excessive ECM gene production and associated ECM stiffness, and pro-fibrotic marker ex-
pression (e.g., collagen 1A1, periostin and fibronnectin), upon stimulation with TGFβ [18],
cyclic stretch [19], and hypoxia [20]. Such cell-associated changes are typical of fibrob-
last to myofibroblast transition and fibrotic disease progression. Furthermore, we found
that LC cells grown on stiff substrates show enhanced expression of αSMA, F-Actin and
vinculin [21].

In addition, we previously used hyposmotic-induced cellular swelling (hypotonic-
induced stretch) to model glaucoma in LC cells, and we found that both, basal and hypos-
motic intracellular Ca2+ are raised in glaucoma LC cells [22]. Furthermore, we showed
that the Ca2+-activated Maxi-K+ channels (basal and hyposmotic-induced cell stretch)
expression and activity are raised in glaucoma LC cells [23]. More recently, we found
that subtypes of the Ca2+-permeable, stretch-activated cation channels, transient receptor
potential canonical TRPC1 and TRPC6, contribute to the elevated intracellular [Ca2+]i
found in glaucoma LC cells by reducing the oxidative stress-induced production of ECM
genes and LC cell proliferation via a signaling pathway mechanism involving nuclear
factor of activated T-cells NFATc3 [24].

It is well known that, in response to mechanical stress and/or stretch stimulus, cells
identify and translate a diverse set of signaling events to downstream cellular responses
inducing changes in ECM production, apoptosis, and proliferation [25]. It is also known
that any change in [Ca2+]i, ultimately induce changes in its related downstream proteins ex-
pression and activity by a wide range mechanisms [26]. The first mechanism is, in response
to external stimuli, PKCs bind to Ca2+-binding domains, which, once activated, contribute
to the activation of the protein’s function. PKCs respond to the second messengers Ca2+

and diacylglycerol (DAG) to express their activity at the cell membrane (Figure 1A) [25].
The second mechanism is the Ca2+ mediated Ca2+-CaM-protein kinase II (CaMKII)

activation. This mechanism occurs when levels of intracellular Ca2+ are raised. Ca2+

rise induces formation of a complex with calmodulin (Ca2+-CaM), and prolonged [Ca2+]i
increase phosphorylates CaMKII and induce its association with the Ca2+-CaM complex. A
third, mechanism is the Ca2+ mediated RAS-RAF-MAPKs activation, including activation
of protein kinases p38-MAPK and p42/44-MAPK.

MAPKs are protein Ser/Thr kinases that sense, identify, and transduce external stimuli,
such as receptor tyrosine kinases (RTK), G-protein coupled receptors (GPCR), and growth
factor receptors (EGFR) involved in signaling processes.

MAPKs are serine/threonine proteins that are expressed in a wide range of cell types.
These kinases are crucial in multiple cellular activities including metabolism, cell differ-
entiation, cell growth and death. Over expression/activity of these kinases can promote
numerous signaling pathways including cell proliferation, invasion, and stress responses.
The MAPK family consists of different kinases which include MAPKs (MAPK, MAPKK,
MAPKKK), external signal-regulated kinases p42/44-MAPK (also known as ERK ), c-Jun
N-terminal kinase (JNK), and p38-MAPK [27], (Figure 1B). To regulate their downstream tar-
get(s), MAPKs phosphorylate their own Ser/Thr residues (auto-phosphorylation). MAPKs
activation occurs in a succession of phosphorylations where each MAPK is phosphorylated
by an upstream MAPK. Activated MAPKKK induces phosphorylation of an upstream
MAPKK, which then, in turn, phosphorylates an upstream MAPK.
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Figure 1. Fibrosis related intracellular Ca2+ signaling pathways. (A). Schematic mechanism of key 
pro-fibrotic extracellular matrix (ECM) gene transcription regulation involving different signaling 
pathways. Including calcineurin/NFATc, PKCα, p38-MAPK, and p42/44-MAPK in lamina cribrosa 
(LC) cells. TGF-β, oxidative stress, and/or cell membrane stretch stimuli provoke [Ca2+]i move-
ments from Ca2+ entry (through TRPC and L-type Ca2+ channels) and extrusion of Ca2+ from Endo-
plasmic Reticulum (ER), Ryanodine Receptor (RYR), and inositol triphosphate Receptor (IP3R,). 
[Ca2+]i rise activates calmodulin, which in turn activates calcineurin. Activated calcineurin induces 

Figure 1. Fibrosis related intracellular Ca2+ signaling pathways. (A). Schematic mechanism of key pro-fibrotic extracellular
matrix (ECM) gene transcription regulation involving different signaling pathways. Including calcineurin/NFATc, PKCα,
p38-MAPK, and p42/44-MAPK in lamina cribrosa (LC) cells. TGF-β, oxidative stress, and/or cell membrane stretch
stimuli provoke [Ca2+]i movements from Ca2+ entry (through TRPC and L-type Ca2+ channels) and extrusion of Ca2+ from
Endoplasmic Reticulum (ER), Ryanodine Receptor (RYR), and inositol triphosphate Receptor (IP3R). [Ca2+]i rise activates
calmodulin, which in turn activates calcineurin. Activated calcineurin induces dephosphorylation of transcription factors of
activated transcription factors of activated T-cells (NFATc), which next translocate to the nucleus to activate Ca2+ related
genes including those involved in fibrosis in glaucoma. [Ca2+]i rise also induce a sequential phosphorylation of PKCα,
and downstream series of phosphorylations of p38-MAPK, and p42/44-MAPK resulting in expression of Ca2+-dependent
genes such as profibrotic ECM genes and ultimately proliferation of glaucoma LC cells. (B) Schematic illustration of
the three modules (ERKs, JNKs, p38-MAPK). Stimuli, such as cell surface receptors including receptor tyrosin kinase
(RTK), growth factor receptors, and G-protein coupled receptors (GPCR), activate up-stream protein kinases, which in
turn activate downstream MAPKs. MAPKs signalling pathways are structured in modular cascades in which activation of
upstream kinases lead to sequential activation of a MAPK module (MAPKKK, MAPKK, MAPK). MAPKKK phosphorylates
(indicated by P) and activates MAPKK, which in turn phosphorylates and activates MAPK. Shown are the major MAPK
pathway components, the JNK, and the p38-MAPK modules, and the various cellular responses including fibrosis elicited
by MAPK control. MAPK: Mitogen-activated protein kinase; MAPKK: Mitogen-activated protein kinase kinas; MAPKKK:
Mitogen-activated protein kinase kinase kinase.
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The activation of p38-MAPK is started by the binding of a ligand to a receptor tyrosin
kinase or a G-protein couple receptor, which in turn, activate small G-protein, Ras. The com-
plex may promote numerous intracellular signaling pathways, especially those contributing
to the production of fibrotic regulators [28]. p38-MAPK activation results in a series of
phosphorylation of its related downstream kinases [29,30]. Over-expression/activity of
p38-MAPK has been reported in numerous fibrotic organs including pulmonary fibrosis,
peritoneal membrane, and cardiac fibrosis [31–33].

The PI3K/Akt/mTOR pathway is frequently associated to cellular physiology and
patho-physiology, including cell metabolism, differentiation, and proliferation. Dysfunc-
tion of the PI3K/Akt/mTOR signaling pathway has been shown in pro-fibrotic diseases
including cancer, and pulmonary and cardiac fibrosis. Over expression/activity of one
of the PI3K/Akt/mTOR components, frequently promotes metabolism, cell growth, and
cell death. Inhibitors of PI3K/Akt/mTOR pathway have been extensively investigated in
cancer therapy [34] Therefore, PI3K/Akt/mTOR axis may have a central role in regulating
the over-expression of ECM genes and over-proliferation found in glaucoma LC cells.

So far, no study has reported on the link between p38-MAPK, p42/44-MAPK, and the
PI3K/mTOR signaling pathway in glaucoma. Therefore, this study explores the expression
of these kinases in glaucoma LC cells, and since this understanding can help clarify the
pathological process behind fibrosis in glaucoma, this may provide a roadmap for potential
therapeutic interventions to delay or avoid fibrosis initiation LC cells and cupping of the
optic nerve in glaucoma.

2. Material and Methods
2.1. LC Cell LC Culture and Characterization

Human primary cultures of LC cells were obtained from age-matched donors with
no history of ocular diseases (controls) and from donors with confirmed glaucoma (Alcon
Labs, Fort Worth, TX, USA and from Duke University, Durham, NC, USA). We have
previously characterized and described LC cells [24]. Briefly, newly thawed cells were
usually stained positively for a fibroblast marker, α-smooth muscle actin (α-SMA), and
negatively for an astrocyte marker, glial fibrillary acidic protein (GFAP) and a microglial
marker, ionized Ca2+ binding adapter molecule 1(Iba1). Cells were cultured at 37 ◦C in
Dulbecco’s Modified Eagle’s–Medium (DMEM) (Sigma, Dublin, Ireland) supplemented
with 10% heat inactivated feotal bovin serum (FBS) (vol/vol) and 1% L-glutamine and 1%
antibiotics (Sigma, Dublin, Ireland) (penicillin-streptomycin) under humidified air (5%
CO2). LC cells were cultured in full medium and passaged when they have proliferated to
confluence (~80%). Cells of the 2nd to 9th passage were used in the experiments. Before
treatment with hyposmotic-induced cellular swelling, LC cells were deprived of serum for
24 h.

2.2. Hyposmotic-Induced Cellular Swelling Treatment of Lamina Cribrosa Cells

The effect of glaucoma related stimulus (hyposmotic-induced cellular swelling) on
membrane protein kinases including PKCα, p38MAPK, and p42/44MAPK expression and
activity was investigated in normal and glaucoma LC cell primary cultures.

The isotonic (isosmotic) bathing solution contained, in mM: 120 NaCl (Sigma, Dublin,
Ireland); 6 KCl; 1 MgCl2 (Sigma, Dulin, Ireland); 5.4 HEPES (Sigma, Dublin, Ireland)
and 80 D-manitol (Sigma, Dublin, Ireland), pH 7.4 was calibrated with NAOH (Sigma,
Dublin, Ireland), with an average osmolarity of 323 mOsm. The hypotonic (hyposmotic)
solution was prepared by replacing D-manitol with sucrose from isosmotic solution, pH
7.4, with an average osmolarity of 232 8 mOsm. The osmolarity was measured instantly
prior to experiments. For protein expression measurements, normal and glaucoma LC
cells were first incubated for at least 15 min in isosmotic bathing solution to obtain a
stable baseline, then the hypotonic solution was rapidly applied to create hyposmotic
cell membrane stretch. Expression and activity of PKCα, p38, and p42/44-MAPK were
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measured under isosmotic conditions and after cells were subjected to hyposmotic solution
at the time-points of 1, 2, 5, 10, 20, 30 and 60 min.

2.3. RNA Isolation, cDNA Synthesis and Quantitative Real-Time RT-PCR

Total cellular RNA was isolated from confluent T75 flasks (ThermoFisher, Dublin,
Ireland) containing at least 106 of normal and glaucoma LC cells using Tri-Reagent (Life
Technologies, Dublin, Ireland). The first strand complementary DNA (cDNA) was synthe-
sized from 2 µg of total RNA using enhanced avian reverse transcriptase (eAMV), (Sigma,
Arklow, Ireland), oligodTs (Sigma, Arklow, Ireland), deoxynucleotides (dNTPs) (Sigma,
Arklow, Ireland), and the equivalent primers. The samples containing cDNA were then
stored at −20 ◦C until use.

qRT-PCR was performed on white, flatbottom, 96 well plates (ThermoFisher, Dublin,
Ireland) on a Rotorgene 3000 Real-Time PCR Thermocycler (Labortechnik, Wasserburg,
Germany) using QuantiTect SYBR Green PCR Master Mix (Qiagen, London, UK). The
qRT-PCR mixture contained 2× SYBR Green Master mix, 50 ng od cDNA, 0.5 µM of each
primer and PCR-grade water up to total volume of 20 µl. The ribosomal RNA 18S (rRNA
18S) was used as an internal housekeeping control gene. The PCR primer sequences used
are as follows:

IP3R 1 forward: 5′-ATTGTCAGCGTGGGTCTGG-3′; reverse: 5′-CAAT CATATA
CATACAATACAAAACCGAGT-3′, CaMKII: forward: 5′-TTTCCCATCGCCGGAAT-3′;
reverse: 5′-GCGTTTGGATGGGTTAATGGT-3′, PI3K: forward: 5′-GGTTGTCTGTCAATCGG
TGACTGT-3′, reverse: 5′-GAACTGCAGTGCACCTTTCAAGC-3′, mTOR: forward: 5′-
GCTTGATT TGGTTCCCAGGACAGT-3′, reverse: 5′- GTGCTGAGTTTGCTGTACCCATGT-
3′, and 18S rRNA: forward: 5′-TGTGCCGCTAGAGGTGAAATT-3′; reverse: 5′-TGGCAAAT
GCTTTCG CTTT-3′. Each PCR product was analyzed based on the individual cycle thresh-
old, by the 18S rRNA standard curve. All gene expression levels were normalized to 18S
rRNA, and data were quantified according to the method used by Livak [35], and presented
as the mean ± S.D. All qRT-PCR reactions were performed with a negative control (no
template) and repeated at least three times on three biological replicates.

2.4. Cell Lysate Preparation and Western Blot Analysis

Normal ang glaucoma LC cells were seeded on 60-mm tissue culture dishes, depleted
of serum for 24 h and then treated with isosmotic (isotonic) physiological solution (control)
or hyposmotic (hypotonic) solution for various time periods. Following treatment, cells
were washed twice with ice-cold phosphate buffer saline (PBS) (Sigma, Ieland)) solution and
collected in ice-cold PBS. Cells were centrifuged (1000× g, 5 min, 4 ◦C) and the supernatant
was removed. The cells were then lysed in radio immuno-precipitation assay (RIPA)
buffer containing protease/phosphatase inhibitor cocktail (Sigma Aldrich, Arklow, Ireland).
Following incubation on ice for 10 min, cells were centrifuged (14,000× g, 4 ◦C, 15 min).
The supernatant was then collected, and proteins concentration was measured using
Bradford assay. Proteins (20 µg/lane) were separated by 10% SDS-PAGE and transferred
onto nitrocellulose membranes. The membranes were blocked with 5% fat-free milk in
Tris Buffer Saline (Sigma, Dublin, Ireland) supplemented with 0.1% Tween-20 (Sigma,
Dublin, Irland) (TBST) for 1 h at room temperature and then incubated overnight at 4 ◦C
with anti-phospho-PKCα (1:1000 dilution, Abcam, Cambridge, UK), anti-phospho-p42/p44
MAPK (1:1000 dilution, Abcam, Cambridge, UK), and anti-phospho-p38 MAPK (1:1000
dilution, Abcam, Cambridge, UK), primary antibodies, respectively. After washing with
TBST, the membranes were probed with the corresponding secondary antibodies coupled
to horseradish peroxidase for 1 h at room temperature (1:5000 dilution, Abcam, Cambridge,
UK). Protein signals were detected with enhanced chemiluminescence (ECL) Western
blotting substrate (Fisher Scientific, Dublin, Ireland) and analyzed with Image J software
(NIH, LOCI, University of Wisconsin, USA). Membranes were re-probed with anti-total
PKCα, anti-total p42/44-MAPK and anti-total p38-MAPK antibodies and with beta-actin
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and confirmed equal protein loading in the gels. The experiments were repeated three
times on three biological replicates.

2.5. Statistical Analysis

Measurement data are expressed as means ± S.E from the corresponding set of
experiments. Groups are compared using one-way analyses of variance (ANOVA) for
comparison of 3 or more groups, and with a Student’s t-test when comparing 2 groups.
The probability values below 0.05 (p < 0.05) were considered significant. Calculations were
performed using the Origin 7.0 (Origin Lab) software (Origin Lab, Bucks, UK).

3. Results
3.1. Basal and Hyposmotic-Induced Expression/Activity of PKCα in Normal and Glaucoma
LC Cells

The induction of PKCα expression and activity using hyposmotic-induced cellular
swelling to model glaucoma has not been reported in LC cells. Here, we performed
a time-course study wherein we examined the expression/activity of PKCα in normal
and glaucoma LC cells cultured under resting (isotonic) conditions and stimulated with
hyposmotic-induced cellular swelling solution. Figure 2 shows that when LC cells are
incubated in isotonic physiological solution, the basal expression level of PKCα was
significantly greater in glaucoma LC cells (3.08 ± 0.48, p-PKCα levels normalized to total
PKCα levels 1 × 103 a.u (arbitrary units)) versus normal LC cells (1.92 ± 0.49, p-PKCα

levels normalized to total PKCα levels 1 × 103 a.u), (n = 3 independent experiments;
* p = 0.0324), (Figure 2A–C). When LC cells are treated with hyposmotic-induced cellular
swelling solution, the activity of PKCα, was found to be significantly (p < 0.05) increased
in glaucoma LC cells versus normal LC cells at the matched time-points of 1, 5, 10, and
30 min, but not at the matched time-points of 2 and 20 min (Figure 2A–C). Exposure
of LC cells to hyposmotic solution activates phosphorylation of PKCα in both normal
and glaucoma LC cells. The PKCα activation was biphasic and peaked at time-points
of 2 min and 10 min. Figure 2D (representative Western blot), and Figure 2E (average
data from 3 independent experiments), show a time-course experiment, using time-points
where PKCα reached the maximum peak (2 min and 10 min) as shown in Figure 2A,B
and the exposure to hypotonic solution was extended to 1 h. We found that the hypotonic
cell stretch-induced phosphorylation of PKCα stayed above basal level for at least 1 h of
observation (Figure 2D,E).

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 7 of 15 

 

 

3. Results 
3.1. Basal and Hyposmotic-Induced Expression/Activity of PKCα in Normal and Glaucoma  
LC Cells 

The induction of PKCα expression and activity using hyposmotic-induced cellular 
swelling to model glaucoma has not been reported in LC cells. Here, we performed a time-
course study wherein we examined the expression/activity of PKCα in normal and glau-
coma LC cells cultured under resting (isotonic) conditions and stimulated with hy-
posmotic-induced cellular swelling solution. Figure 2 shows that when LC cells are incu-
bated in isotonic physiological solution, the basal expression level of PKCα was signifi-
cantly greater in glaucoma LC cells (3.08 ± 0.48, p-PKCα levels normalized to total PKCα 
levels 1 × 103 a.u (arbitrary units)) versus normal LC cells (1.92 ± 0.49, p-PKCα levels nor-
malized to total PKCα levels 1 × 103 a.u), (n = 3 independent experiments; * p = 0.0324), 
(Figure 2A–C). When LC cells are treated with hyposmotic-induced cellular swelling so-
lution, the activity of PKCα, was found to be significantly (p < 0.05) increased in glaucoma 
LC cells versus normal LC cells at the matched time-points of 1, 5, 10, and 30 min, but not 
at the matched time-points of 2 and 20 min (Figure 2A–C). Exposure of LC cells to hy-
posmotic solution activates phosphorylation of PKCα in both normal and glaucoma LC 
cells. The PKCα activation was biphasic and peaked at time-points of 2 min and 10 min. 
Figure 2D (representative Western blot), and Figure 2E (average data from 3 independent 
experiments), show a time-course experiment, using time-points where PKCα reached the 
maximum peak (2 min and 10 min) as shown in Figure 2A,B and the exposure to hypo-
tonic solution was extended to 1 h. We found that the hypotonic cell stretch-induced phos-
phorylation of PKCα stayed above basal level for at least 1 h of observation (Figure 2D,E). 

 
Figure 2. Cont.



J. Clin. Med. 2021, 10, 62 7 of 14

J. Clin. Med. 2021, 10, x FOR PEER REVIEW 8 of 15 

 

 

 

Figure 2. Western blot analysis of total and phospho-specific PKCα in normal and glaucoma LC 
cells. (A,B): typical Western immune-blotting analysis of PKCα in LC cell lysates in normal and 
glaucoma LC cells. Proteins (20 µg/lane) were separated on 10% electrophoresis gels, transferred to 
nitrocellulose membranes, and immunoblotted with phosphor-and total antibodies specific to 
PKCα (a 1:1000 dilution), respectively. Time-dependent expression of PKCα in LC cells exposed to 
isosmotic solution (resting conditions) and activity (phosphorylation) in response to hyposmotic-
induced cell swelling. (C) Results are averages ± SE of at least 3 biological replicates obtained from 
three normal and three glaucoma LC cell patients. * p < 0.05 compared with time-matched controls 
(100%). The left panel represents the average data of PKCα expression under basal conditions (Ctrl) 
and at time-points of 1, 2, and 5 min of LC cells’ exposure to hyposmotic solution. The right panel 
shows the average data of PKCα expression/activity, under basal (Ctrl) and at time-points of 10, 20, 
and 30 min of LC cells’ treatment with hypotonic solution. The quantified data are presented in two 
separate bar graphs, to enhance the difference in PKCα expression/activity between normal and 
glaucoma LC cells. Note that the scale bar in the left panel (first 5 min) is twice that in the right panel 
(from 10 to 30 min). (D) Representative Western blot analysis of PKCα expression/activity in normal 
and glaucoma LC cells, illustrating a time-course experiment under isotonic (Ctrl) conditions and 
after 2, 10, and 60 min of exposure to hyposmotic solution. The time-points chosen here are the time-
points where PKCα reached the two transient maximum peaks (2 min and 10 min), and the exposure 
to hypotonic cell stretch was extended to 60 min. (E) Average data ± SE of biological replicates. * p 
< 0.05 compared with time-matched controls (100%). To confirm equal amounts of protein loading, 
membranes were washed and reblotted with beta-actin antibody (Figure 2A,B). 

3.2. Basal and Hyposmotic-Induced Expression/Activity of p38-MAPK in Normal and Glaucoma 
LC Cells p 

We then examined the expression/activity of p38-MAPK using a time-course experi-
ment wherein we looked at the expression/activity of p38-MAPK in normal and glaucoma 
LC cells cultured under resting (isotonic) conditions and exposed to hyposmotic solution. 
Under physiological (isotonic) conditions, the basal expression level of p38-MAPK protein 
kinase was significantly elevated in glaucoma LC cells (5.57 ± 0.39, p38-MAPK levels nor-
malized to total p38-MAPK levels 1 × 103 a.u) versus normal controls (3.34 ± 0.28, p38-
MAPK levels normalized to total p38-MAPK levels 1× 103 a.u), (n = 3 independent exper-
iments; * p = 0.0246), (Figure 3 A–C). The hyposmotic-induced membrane stretch activates 
p38-MAPK in a transient and biphasic fashion. The activity of p38-MAPK, measured by 
its phosphorylation, was significantly (p < 0.05) enhanced in glaucoma LC cells at matched 
time-points of 2, 5, 10, and 20 min, but no significant elevation of p38-MAPK activity was 
found at a matched time-point of 30 min (Figure 3 A–C). 

Figure 2. Western blot analysis of total and phospho-specific PKCα in normal and glaucoma LC
cells. (A,B): typical Western immune-blotting analysis of PKCα in LC cell lysates in normal and
glaucoma LC cells. Proteins (20 µg/lane) were separated on 10% electrophoresis gels, transferred to
nitrocellulose membranes, and immunoblotted with phosphor-and total antibodies specific to PKCα

(a 1:1000 dilution), respectively. Time-dependent expression of PKCα in LC cells exposed to isosmotic
solution (resting conditions) and activity (phosphorylation) in response to hyposmotic-induced
cell swelling. (C) Results are averages ± SE of at least 3 biological replicates obtained from three
normal and three glaucoma LC cell patients. * p < 0.05 compared with time-matched controls (100%).
The left panel represents the average data of PKCα expression under basal conditions (Ctrl) and at
time-points of 1, 2, and 5 min of LC cells’ exposure to hyposmotic solution. The right panel shows
the average data of PKCα expression/activity, under basal (Ctrl) and at time-points of 10, 20, and
30 min of LC cells’ treatment with hypotonic solution. The quantified data are presented in two
separate bar graphs, to enhance the difference in PKCα expression/activity between normal and
glaucoma LC cells. Note that the scale bar in the left panel (first 5 min) is twice that in the right
panel (from 10 to 30 min). (D) Representative Western blot analysis of PKCα expression/activity in
normal and glaucoma LC cells, illustrating a time-course experiment under isotonic (Ctrl) conditions
and after 2, 10, and 60 min of exposure to hyposmotic solution. The time-points chosen here are
the time-points where PKCα reached the two transient maximum peaks (2 min and 10 min), and
the exposure to hypotonic cell stretch was extended to 60 min. (E) Average data ± SE of biological
replicates. * p < 0.05 compared with time-matched controls (100%). To confirm equal amounts of
protein loading, membranes were washed and reblotted with beta-actin antibody (Figure 2A,B).

3.2. Basal and Hyposmotic-Induced Expression/Activity of p38-MAPK in Normal and Glaucoma
LC Cells p

We then examined the expression/activity of p38-MAPK using a time-course experi-
ment wherein we looked at the expression/activity of p38-MAPK in normal and glaucoma
LC cells cultured under resting (isotonic) conditions and exposed to hyposmotic solution.
Under physiological (isotonic) conditions, the basal expression level of p38-MAPK protein
kinase was significantly elevated in glaucoma LC cells (5.57 ± 0.39, p38-MAPK levels
normalized to total p38-MAPK levels 1 × 103 a.u) versus normal controls (3.34 ± 0.28,
p38-MAPK levels normalized to total p38-MAPK levels 1× 103 a.u), (n = 3 independent
experiments; * p = 0.0246), (Figure 3A–C). The hyposmotic-induced membrane stretch
activates p38-MAPK in a transient and biphasic fashion. The activity of p38-MAPK, mea-
sured by its phosphorylation, was significantly (p < 0.05) enhanced in glaucoma LC cells
at matched time-points of 2, 5, 10, and 20 min, but no significant elevation of p38-MAPK
activity was found at a matched time-point of 30 min (Figure 3A–C).
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Figure 3. Western blot analysis of total and phospho-p38-MAPK in normal and glaucoma LC
cells. Equal amounts of cellular proteins (20 µg/lane), were separated on a 10% electrophoresis gel,
transferred to a nitrocellulose membrane, and immunoblotted with a 1:1000 dilution of phospho
and total antibodies specifically directed against p38-MAPK, respectively. (A), (Top left panel),
representative p38-MAPK Western blot of LC cells exposed to isotonic physiological solution (for at
least 15 min to obtain a stable baseline) and (B), (Top right panel), LC cells treated with hyposmotic
solution at time-points of 2, 5, 10, 20, and 30 min. (C) Averages ± SE of at least three biological
replicates comparing the expression and activity of p38-MAPK in normal and glaucoma LC cells.
* p < 0.05 was compared with time-matched controls (100%). Average data of expression and
activity (phosphprylation) levels of p38-MAPK were normalized to total p38-MAPK levels. There
was a significant increase in phosphorylated p38-MAPK (p−p38-MAPK) protein expression at basal
conditions (Ctrl) and p38-MAPK activity (phosphorylation) at time-points of 2, 5, and 10 min, but no
significant increase in p38-MAPK activity was found at 20 and 30 min after exposure to hyposmotic
solution.

3.3. Basal and Hyposmotic-Induced Expression/Activity of p42/44-MAPK in Normal and
Glaucoma LC Cells

In the third set of experiments, we used antibodies to site-specific phosphorylated
forms of p42/p44 to estimate changes in their expression under physiological (isotonic) con-
ditions, and their activity (phosphorylation) under hyposmotic conditions. Figure 4 shows
that under resting (isotonic) conditions, there was significant elevation of p42/44 MAPK
phosphorylation in glaucoma LC cells (6.92 ± 0.48, p42/44-MAPK levels normalized to
total p42/44-MAPK levels 1 × 103 a.u) versus normal controls (3.13 ± 0.43, p38-MAPK lev-
els normalized to total p42/44-MAPK levels 1 × 103 a.u), (n = 3 independent experiments;
* p < 0.0218), (Figure 4A–C). Treatment of LC cells with the hyposmotic solution induced
a significant increase in phosphorylation of p42/p44-MAPK in glaucoma LC cells at the
all the matched time-points of 1, 2, 5, 10, 20, and 30 min on average, p < 0.05). Similarly to
PKCα and p38-MAPK protein kinases, the hyposmotic cell stretch induced activation of
p42/44-MAPK in transient and biphasic manner. However, the phosphorylation reached
the maximum peak with a decay-time of 5 min for the first peak and 20 min for the second
peak, in both normal and glaucoma LC cells (Figure 4A–C).

3.4. Expression of PI3K/mTOR Is Elevated in Glaucoma LC Cells

Here, we assessed whether there is any differential expression of additional Ca2+-
related genes including IP3R, CaMKII, PI3K and mTOR using qRT-PCR. As illustrated in
Figure 5, the average data of PI3K, mTOR, IP3R and CaMKII, transcription was detected at
low levels in normal control LC cells, but significantly (* p < 0.05), up-regulated in glaucoma
LC cells. Data are the average of three biological replicates comparing transcription of
PI3K, mTOR, IP3R and CaMKII between normal controls to the age-matched glaucoma
LC cells.
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Figure 4. Western blot analysis of total and phospho-p42/44-MAPK in normal and glaucoma LC
cells. Equal amount of 20 µg/lane of cell protein was loaded, separated on a 10% electrophoresis
gel, transferred to a nitrocellulose membrane, and immunoblotted with phospho p42/p44-MAPK
(p−p42/44 MAPK) and total (p−p42/44 MAPK) primary antibodies, respectively. (A) Top left panel:
representative Western blot of LC cells subjected to isotonic physiological solution (for 15 min) and (B)
Top right panel: representative Western blot of LC cells subjected to hyposmotic-induced cell swelling
solution at time-point of 1, 2, 5, 10, 20, and 30 min. (C) Averages ± SE of three biological replicates of
normal controls and glaucoma LC cells. The average data of expression/activity levels of p42/44-
MAPK were expressed as a ratio of the total p42/44-MAPK levels. Values which are significantly
different to controls are denoted by asterisks. * p < 0.05 was compared with time-matched controls
(100%). Note a significant elevation of phosphorylated hyposmotic-induced cell swelling (p−p42/44-
MAPK) protein expression at basal conditions (Ctrl) and p42/44-MAPK activity (phosphorylation) at
time-points of 1, 2, 5, and 10 min, 20, and 30 min after exposure to hyposmotic-induced cell swelling
solution.
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4. Discussion

Today, glaucoma treatments are solely focused onintra-coular pressure (IOP), either
by medication or by surgery. It is generally accepted that elevated IOP is the major risk
factor for glaucoma, however, it is not necessarily the only cause, as ~25% of patients with
glaucoma have no elevated IOP. The reasons for the difficulties of achievement are not
completely understood and the idea of clinical therapy is doubtful. Our hypothesis may
suggest a new target for combating the optic nerve damage in glaucoma, by interfering
with downstream steps such as the PKC, MAPK, and PI3K/mTOR signaling pathways. To
date, the association between fibrosis and cell damage in the optic nerve head is not well
established.

Human TM [36] and LC [22] cells show elevated cytosolic Ca2+, and it is well known
that Ca2+ is a driver of fibrosis. In order to clarify the molecular mechanisms underpinning
fibrosis in glaucoma, we investigated intracellular Ca2+ related pathways, for example
PKCα and RAS-RAF-MAPK expression and activation in human primary cultures of
normal and glaucoma LC cells, using hyposmotic-induced cellular swelling to model
glaucoma. We found significantly increased expression (in resting isosmotic solution)
and activity (phosphorylation, in hyposmotic solution) of all the three examined protein
kinases PKCα, p38 and p42/44 in glaucoma LC cells. These data may suggest a possible
coordinating effect of these protein kinases in the development of fibrosis in glaucoma,
and also may provide the molecular bases for the therapeutic outcome targeting PKCα,
p38MAPK, and p42/44MAPK kinases. Hence, a strategy to inhibit their signaling pathways
may be crucial for an effective treatment of fibrosis in glaucoma.

PKC family members regulate numerous cellular responses including gene expres-
sion, protein secretion, and cell growth and apoptosis. PKCs are implicated in several
physiological and pathological mechanisms. It has been found that the PKCα isoform is
the most expressed in cardiac myocytes in addition to other PKC isoforms. Interestingly,
its expression levels are up-regulated in fetal and neo-natal hearts and decreases with
age [37]. It has been also shown that PKCα expression and activity levels are significantly
enhanced by cardiac injury indicating that PKCα plays a key role in the progression of
cardiac disease [38]. Further studies also found that PKCα expression/activity was en-
hanced in experimental heart disease including cardiomyocytes hypertrophy, myocardial
infarction, ischemia, and heart failure [38–40]. PKCα expression and activity has been also
reported to be upregulated in a rat model of end-stage heart failure [41]. Deletion of PKCα

prevented cardiomyopathy and increased cardiac function in heart failure [42]. Consistent
with these studies, for the first time, by utilizing antibodies specific for phosphorylated
PKCα, we detected upregulated expression and increased activity (phosphorylation) of
PKCα in glaucoma LC cells. The LC cell response to hypotonic stretch by increasing
PKCα expression and activity, which was a typical reaction characterized by an initial
rapid and transient peak phase at 2 min followed by a second transient peak at 10 min of
hyposmotic-induced cell stretch. We showed that normal and glaucoma LC cells responded
to hypotonic stretch in a similar way; however, the response to hypotonic stretch was more
exaggerated in glaucoma LC cells. The kinetics of the activation of PKCα and MAPKs p38
and p42/44-MAPK) by hyposmotic stimulation is biphasic and comprise an early (2 min)
and a late (10 min) increase in PKC and MAPK phosphorylation. These data suggest a
possible role of PKCα and MAPKs in the development of fibrosis in glaucoma.

Having demonstrated the differential expression and activity of protein kinase PKCα

in normal and glaucoma LC cells, we next tested if this is the case in the downstream
protein kinases p38-MAPK and p42/44-MAPK. Likewise, Western blot analysis indicated
that basal expression (under isosmotic conditions) p38-MAPK and p42/44-MAPK increased
significantly in glaucoma LC cells, and in response to hyposmotic-induced cellular swelling,
the relative activity (phosphorylation) of p38-MAPK and p42/44-MAPK significantly in-
creased in normal and glaucoma LC cells; however, the response to hyposmotic-induced
cell swelling was more exaggerated in glaucoma LC cells for both protein kinases. Interest-
ingly, the response to hypotonic stretch was biphasic and transient, characterized by an
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initial peak phase at 2 min followed by a second transient peak at 10 min. However, the
phosphorylation of p42/44-MAPK reached the maximum peak with a decay-time of 5 min
for the first peak and 20 min for the second peak for p42/44-MAPK in both normal and
glaucoma LC cells.

p38-MAPK is activated by numerous stress stimuli, including oxidative injury, and
osmotic shock [43]. It has been reported that inhibition of p38-MAPK, blocked TGFβ-
induced collagen expression in fibroblasts, liver, and kidney cells [44]. In another study,
blockade of p38-MAPK after the appearance of fibrosis is effective at reducing subsequent
renal fibrosis in a model of unilateral ureteral obstruction [45].

In general, the RAS/RAF/MAPK signaling pathway, also known as MEK-1/2/p42/
44MAPK, is classically stimulated by cell surface receptors including receptor tyrosin ki-
nase (RTK), G-protein coupled receptors (GPCR), and transforming growth factor receptors
(EGFR), in a RAS/RAF coordinated sequence [46,47]. However, p-38-MAPK pathway is
essentially simulated by extracellular stresses such as hyposmotic-induced cell swelling,
stretch/strains, and hyper/hypoxia [48–51]. The MAPK family is protein Ser/Thr kinase,
composed by three kinases that include a MAPK, a MAPKK, and a MAPKKK subfamily
(Figure 1B). Sequential activation via phosphorylation of the MAPKKKs, induce their
interaction with GTP-binding domains of Ras-Rho complex proteins in response to stimuli.
Once activated, MAPKKKs phosphorylate and activate MAPKK, which in turn phosphory-
late MAPK on Thr-tyr residues located in the loop of the protein kinase domain [27–52],
(Figure 1B).

The finding that glaucoma LC cells exhibit a significant increase in expression and
activity of PKCα, p38-MAPK and p42/44-MAPK, prompted us to further investigate
other Ca2+-dependent key players that may be involved in the production of ECM genes
and fibrosis in glaucoma. The PI3K/Akt/mTOR pathway is frequently associated to
cellular physiology, including cell metabolism, differentiation, and proliferation. A wide
range of diseases such as cancer, cardiac and pulmonary fibrosis, show dysfunction in
the PI3K/Akt/mTOR signaling pathways [53]. Changes in this pathway often result
in dysfunction of cell proliferation and apoptosis, inflammation, and autophagy, which
consequently lead to progression of fibrosis [54]. Therefore, identifying the link between
PI3K/Akt/mTOR and p38, p42/44 signalling pathway and their contribution in ECM
gene production and cell proliferation in the lamina cribrosa area will be important in
understanding the complex network of these signalling pathways driving the ocular
fibrotic process and in finding potential novel therapeutic targets of disease harshness and
pathogenesis in fibrotic eye diseases.

In this study, we found elevated levels of mRNA expression level of PI3K, mTOR,
IP3R, and CaMKII, in glaucoma LC cells.

Glaucoma is worldwide second leading cause of blindness. The disease is coordinately
administrated by large number of factors which drive fibrosis (e.g., TGFβ), and all work
via a multitude of downstream signaling pathways including PKCα, MAPKs (p38-MAPK
and p42/44-MAPK), and other downstream signaling such as Rho kinase, JNK, PI-3K/Akt,
mTOR, PTEN, and the complex Ca2+–calcineurin–NFATc pathways. Comprehension of the
key players in these signaling pathways is central for the creation of novel therapeutics
which could be of assistance at slowing or preventing the excess of pro-fibrotic ECM
gene production in glaucoma. Here, we provide evidence of a possible coordination
between PKCα, p38-, and p42/44-MAPK and/or the downstream PI3K/Akt/mTOR axis
(all related to Ca2+ signaling) to promote the excess of pro-fibrotic ECM production and
LC cell over-proliferation found in glaucoma. Therefore, therapeutics intending to inhibit
these pathways in the lamina cribrosa area may halt the development of fibrosis and ONH
cupping in glaucoma. Inhibition of certain fibrotic signaling pathways might prevent
progressive fibrosis at the optic nerve head, but further studies in clinical models should
be performed to prevent ONH cupping in glaucoma.



J. Clin. Med. 2021, 10, 62 12 of 14

Author Contributions: Writing—original draft preparation: M.I.; writing—review and editing: A.D.;
C.O.; A.C.; methodology: M.I.; A.D.; C.O.; supervision: M.I.; C.O. All authors have read and agreed
to the published version of the manuscript.

Funding: This project was funded by the Irish College of Ophthalmologists/Novartis Research
Award 2015/2016 and the International Glaucoma Association/Royal College of Ophthalmologists
Grant 2017.

Conflicts of Interest: There is no conflict of interest.

References
1. Quigley, H.A. The number of people with glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 2006, 90, 262–267. [CrossRef]

[PubMed]
2. Quigley, H.A.; Hohman, R.M.; Addicks, E.M.; Massof, R.W.; Green, W.R. Morphologic Changes in the Lamina Cribrosa Correlated

with Neural Loss in Open-Angle Glaucoma. Am. J. Ophthalmol. 1983, 95, 673–691. [CrossRef]
3. Hernandez, M.R.; Andrzejewska, W.M.; Neufeld, A.H. Changes in the Extracellular Matrix of the Human Optic Nerve Head in

Primary Open-Angle Glaucoma. Am. J. Ophthalmol. 1990, 109, 180–188. [CrossRef]
4. Hernandez, M.; Ye, H.; Roy, S. Collagen Type IV Gene Expression in Human Optic Nerve Heads with Primary Open Angle

Glaucoma. Exp. Eye Res. 1994, 59, 41–52. [CrossRef] [PubMed]
5. Quigley, H.A.; Brown, A.; Dorman-Pease, M.E. Alterations in elastin of the optic nerve head in human and experimental glaucoma.

Br. J. Ophthalmol. 1991, 75, 552–557. [CrossRef]
6. Pena, J.D.; Taylor, A.W.; Ricard, C.S.; Vidal, I.; Hernandez, M.R. Transforming growth factor beta isoforms in human optic nerve

heads. Br. J. Ophthalmol. 1999, 83, 209–218. [CrossRef]
7. Gulati, A.; Jabbour, A.; Ismail, T.F.; Guha, K.; Khwaja, J.; Raza, S.; Morarji, K.; Brown, T.D.H.; Ismail, N.A.; Dweck, M.R.; et al.

Association of Fibrosis With Mortality and Sudden Cardiac Death in Patients With Nonischemic Dilated Cardiomyopathy. JAMA
2013, 309, 896–908. [CrossRef]

8. Hutchinson, J.P.; Fogarty, A.W.; Hubbard, R.B.; McKeever, T.M. Global incidence and mortality of idiopathic pulmonary fibrosis:
A systematic review. Eur. Respir. J. 2015, 46, 795–806. [CrossRef]

9. Rockey, D.C.; Bell, P.D.; Hill, J.A. Fibrosis—A Common Pathway to Organ Injury and Failure. N. Engl. J. Med. 2015, 372, 1138–1149.
[CrossRef]

10. Wynn, T.A. Cellular and molecular mechanisms of fibrosis. J. Pathol. 2007, 214, 199–210. [CrossRef]
11. Friedl, M. Fibrosis and diseases of the eye. J. Clin. Investig. 2007, 117, 576–586. [CrossRef]
12. Mazur, P.K.; Reynoird, N.; Khatri, P.; Jansen, P.W.T.C.; Wilkinson, A.W.; Liu, S.; Barbash, O.; Van Aller, G.S.; Huddleston, M.J.;

Dhanak, D.; et al. SMYD3 links lysine methylation of MAP3K2 to Ras-driven cancer. Nat. Cell Biol. 2014, 510, 283–287. [CrossRef]
[PubMed]

13. Xu, M.; Seas, A.; Kiyani, M.; Ji, K.S.Y.; Bell, H.N. A temporal examination of calcium signaling in cancer- from tumorigenesis, to
immune evasion, and metastasis. Cell Biosci. 2018, 8, 25. [CrossRef] [PubMed]

14. Hiraoki, T.; Vogel, H.J. Structure and Function of Calcium-Binding Proteins. J. Cardiovasc. Pharmacol. 1987, 10, S14–S31. [CrossRef]
15. Tamm, E.R.; Braunger, B.M.; Fuchshofer, R. Intraocular Pressure and the Mechanisms Involved in Resistance of the Aqueous

Humor Flow in the Trabecular Meshwork Outflow Pathways. Prog. Mol. Biol. Transl. Sci. 2015, 134, 301–314. [CrossRef]
16. Hopkins, A.A.; Murphy, R.; Irnaten, M.; Wallace, D.M.; Quill, B.; O’Brien, C. The role of lamina cribrosa tissue stiffness and

fibrosis as fundamental biomechanical drivers of pathological glaucoma cupping. Am. J. Physiol. Physiol. 2020, 319, C611–C623.
[CrossRef]

17. Kirwan, R.P.; Wordinger, R.J.; Clark, A.F.; O’Brien, C.J. Differential global and extra-cellular matrix focused gene expression
patterns between normal and glau-comatous human lamina cribrosa cells. Mol. Vis. 2009, 15, 76–88.

18. Kirwan, R.P.; Leonard, M.O.; Murphy, M.; Clark, A.F.; O’Brien, C.J. Transforming growth factor-β-regulated gene transcription
and protein expression in human GFAP-negative lamina cribrosa cells. Glia 2005, 52, 309–324. [CrossRef]

19. Kirwan, R.P.; Crean, J.K.; Fenerty, C.H.; Clark, A.F.; O’Brien, C.J. Effect of Cyclical Mechanical Stretch and Exogenous Transforming
Growth Factor-β1 on Matrix Metalloproteinase-2 Activity in Lamina Cribrosa Cells from the Human Optic Nerve Head. J.
Glaucoma 2004, 13, 327–334. [CrossRef]

20. Kirwan, R.P.; Felice, L.; Clark, A.F.; Leonard, M.O.; O’Brien, C.J. Hypoxia Regulated Gene Transcription in Human Optic Nerve
Lamina Cribrosa Cells in Culture. Investig. Opthalmol. Vis. Sci. 2012, 53, 2243–2255. [CrossRef]

21. Liu, B.; McNally, S.; Kilpatrick, J.I.; Jarvis, S.P.; O’Brien, C.J. Aging and ocular tissue stiffness in glaucoma. Surv. Ophthalmol. 2018,
63, 56–74. [CrossRef] [PubMed]

22. McElnea, E.; Quill, B.; Docherty, N.; Irnaten, M.; Siah, W.; Clark, A.; O’Brien, C.; Wallace, D. Oxidative stress, mitochondrial
dysfunction and calcium overload in human lamina cribrosa cells from glaucoma donors. Mol. Vis. 2011, 17, 1182–1191. [PubMed]

23. Irnaten, M.; Barry, R.C.; Wallace, D.M.; Docherty, N.G.; Quill, B.; Clark, A.F.; O’Brien, C.J. Elevated maxi-K+ ion channel current
in glaucomatous lamina cribrosa cells. Exp. Eye Res. 2013, 115, 224–229. [CrossRef] [PubMed]

24. Irnaten, M.; O’Malley, G.; Clark, A.; O’Brien, C. Transient receptor potential channels TRPC1/TRPC6 regulate lamina cribrosa cell
extracellular matrix gene transcription and proliferation. Exp. Eye Res. 2020, 193, 107980. [CrossRef]

http://dx.doi.org/10.1136/bjo.2005.081224
http://www.ncbi.nlm.nih.gov/pubmed/16488940
http://dx.doi.org/10.1016/0002-9394(83)90389-6
http://dx.doi.org/10.1016/S0002-9394(14)75984-7
http://dx.doi.org/10.1006/exer.1994.1079
http://www.ncbi.nlm.nih.gov/pubmed/7835397
http://dx.doi.org/10.1136/bjo.75.9.552
http://dx.doi.org/10.1136/bjo.83.2.209
http://dx.doi.org/10.1001/jama.2013.1363
http://dx.doi.org/10.1183/09031936.00185114
http://dx.doi.org/10.1056/NEJMra1300575
http://dx.doi.org/10.1002/path.2277
http://dx.doi.org/10.1172/jci31030
http://dx.doi.org/10.1038/nature13320
http://www.ncbi.nlm.nih.gov/pubmed/24847881
http://dx.doi.org/10.1186/s13578-018-0223-5
http://www.ncbi.nlm.nih.gov/pubmed/29636894
http://dx.doi.org/10.1097/00005344-198710001-00004
http://dx.doi.org/10.1016/bs.pmbts.2015.06.007
http://dx.doi.org/10.1152/ajpcell.00054.2020
http://dx.doi.org/10.1002/glia.20247
http://dx.doi.org/10.1097/00061198-200408000-00011
http://dx.doi.org/10.1167/iovs.11-6729
http://dx.doi.org/10.1016/j.survophthal.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28666629
http://www.ncbi.nlm.nih.gov/pubmed/21617752
http://dx.doi.org/10.1016/j.exer.2013.07.022
http://www.ncbi.nlm.nih.gov/pubmed/23906962
http://dx.doi.org/10.1016/j.exer.2020.107980


J. Clin. Med. 2021, 10, 62 13 of 14

25. Janmey, P.A.; McCulloch, C.A. Cell Mechanics: Integrating Cell Responses to Mechanical Stimuli. Annu. Rev. Biomed. Eng. 2007, 9,
1–34. [CrossRef]

26. Berridge, M.J.; Lipp, P.; Bootman, M.D. The versality and universality of calcium signaling. Nat. Rev. Mol. Cell Biol. 2000, 1, 11–21.
[CrossRef]

27. Lewis, T.S.; Shapiro, P.S.; Ahn, N.G. Signal Transduction through MAP Kinase Cascades. Adv. Cancer Res. 1998, 74, 49–139.
[CrossRef] [PubMed]

28. Sugiyama, N.; Kohno, M.; Yokoyama, T. Inhibition of the p38 MAPK pathway ameliorates renal fibrosis in an NPHP2 mouse
model. Nephrol. Dial. Transplant. 2011, 27, 1351–1358. [CrossRef]

29. Cuadrado, A.; Nebreda, A.R. Mechanisms and functions of p38 MAPK signalling. Biochem. J. 2010, 429, 403–417. [CrossRef]
30. Yang, Y.; Kim, S.C.; Yu, T.; Yi, Y.-S.; Rhee, M.H.; Sung, G.-H.; Yoo, B.C.; Cho, J.Y. Functional Roles of p38 Mitogen-Activated

Protein Kinase in Macrophage-Mediated Inflammatory Responses. Mediat. Inflamm. 2014, 2014, 352371. [CrossRef]
31. Kolosova, I.; Nethery, D.; Kern, J.A. Role of Smad2/3 and p38 MAP kinase in TGF-β1-induced epithelial-mesenchymal transition

of pulmonary epithelial cells. J. Cell. Physiol. 2010, 226, 1248–1254. [CrossRef] [PubMed]
32. Kokubo, S.; Sakai, N.; Furuichi, K.; Toyama, T.; Kitajima, S.; Okumura, T.; Matsushima, K.; Kaneko, S.; Wada, T. Activation of

p38 Mitogen-Activated Protein Kinase Promotes Peritoneal Fibrosis by Regulating Fibrocytes. Perit. Dial. Int. 2012, 32, 10–19.
[CrossRef] [PubMed]

33. Auger-Messier, M.; Accornero, F.; Goonasekera, S.A.; Bueno, O.F.; Lorenz, J.N.; Van Berlo, J.H.; Willette, R.N.; Molkentin,
J.D. Unrestrained p38 MAPK Activation in Dusp1/4 Double-Null Mice Induces Cardiomyopathy. Circ. Res. 2013, 112, 48–56.
[CrossRef] [PubMed]

34. Willems, L.; Tamburini, J.; Chapuis, N.; Lacombe, C.; Mayeux, P.; Bouscary, D. PI3K and mTOR Signaling Pathways in Cancer:
New Data on Targeted Therapies. Curr. Oncol. Rep. 2012, 14, 129–138. [CrossRef]

35. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2-∆∆CT Method.
Methods 2001, 25, 402–408. [CrossRef]

36. He, Y.; Ge, J.; Tombran-Tink, J. Mitochondrial Defects and Dysfunction in Calcium Regulation in Glaucomatous Trabecular
Meshwork Cells. Investig. Opthalmol. Vis. Sci. 2008, 49, 4912–4922. [CrossRef]

37. Goldberg, M.; Steinberg, S.F. Tissue-specific developmental regulation of protein kinase C isoforms. Biochem. Pharmacol. 1996, 51,
1089–1093. [CrossRef]

38. Liu, Q.; Molkentin, J.D. Protein kinase Cα as a heart failure therapeutic target. J. Mol. Cell. Cardiol. 2011, 51, 474–478. [CrossRef]
39. Bayer, A.L.; Heidkamp, M.C.; Patel, N.; Porter, M.; Engman, S.; Samarel, A.M. Alterations in protein kinase C isoenzyme

expression and autophosphorylation during the progression of pressure overload-induced left ventricular hypertrophy. Mol. Cell.
Biochem. 2003, 242, 145–152. [CrossRef]

40. Bowling, N.; Walsh, R.A.; Song, G.; Estridge, T.; Sandusky, G.E.; Fouts, R.L.; Mintze, K.; Pickard, T.; Roden, R.; Bristow, M.R.; et al.
Increased Protein Kinase C Activity and Expression of Ca2+-Sensitive Isoforms in the Failing Human Heart. Circulation 1999, 99,
384–391. [CrossRef]

41. Belin, R.J.; Sumandea, M.P.; Allen, E.J.; Schoenfelt, K.; Wang, H.; Solaro, R.J.; De Tombe, P.P. Augmented Protein Kinase C-α–
Induced Myofilament Protein Phosphorylation Contributes to Myofilament Dysfunction in Experimental Congestive Heart
Failure. Circ. Res. 2007, 101, 195–204. [CrossRef] [PubMed]

42. Braz, J.C.; Gregory, K.; Pathak, A.; Zhao, W.; Sahin, B.; Klevitsky, R.; Kimball, T.F.; Lorenz, J.N.; Nairn, A.C.; Liggett, S.B.; et al.
PKC-α regulates cardiac contractility and propensity toward heart failure. Nat. Med. 2004, 10, 248–254. [CrossRef] [PubMed]

43. Criscuolo, C.; Fabiani, C.; Bonadonna, C.; Origlia, N.; Domenici, L. BDNF prevents amyloid-dependent impairment of LTP in the
entorhinal cortex by attenuating p38 MAPK phosphorylation. Neurobiol. Aging 2015, 36, 1303–1309. [CrossRef] [PubMed]

44. Choi, M.E.; Ding, Y.; Kim, S.I. TGF-β Signaling via TAK1 Pathway: Role in Kidney Fibrosis. Semin. Nephrol. 2012, 32, 244–252.
[CrossRef] [PubMed]

45. Stambe, C. The Role of p38 Mitogen-Activated Protein Kinase Activation in Renal Fibrosis. J. Am. Soc. Nephrol. 2004, 15, 370–379.
[CrossRef] [PubMed]

46. Khokhlatchev, A.; Xu, S.; English, J.; Wu, P.; Schaefer, E.; Cobb, M.H. Reconstitution of Mitogen-activated Protein Kinase
Phosphorylation Cascades in Bacteria. J. Biol. Chem. 1997, 272, 11057–11062. [CrossRef]

47. Wood, K.W.; Sarnecki, C.; Roberts, T.M.; Blenis, J. ras mediates nerve growth factor receptor modulation of three signal-transducing
protein kinases: MAP kinase, Raf-1, and RSK. Cell 1992, 68, 1041–1050. [CrossRef]

48. Minden, A.; Lin, A.; Smeal, T.; Derijard, B.; Cobb, M.H.; Davis, R.; Karin, M. c-Jun N-terminal phosphorylation correlates
with activation of the JNK subgroup but not the ERK subgroup of mitogen-activated protein kinases. Mol. Cell. Biol. 1994, 14,
6683–6688. [CrossRef]

49. Howe, L.R.; Leevers, S.J.; Gómez, N.; Nakielny, S.; Cohen, P.; Marshall, C.J. Activation of the MAP kinase pathway by the protein
kinase raf. Cell 1992, 71, 335–342. [CrossRef]

50. Raingeaud, J.; Gupta, S.; Rogers, J.S.; Dickens, M.; Han, J.; Ulevitch, R.J.; Davis, R.J. Pro-inflammatory Cytokines and Environ-
mental Stress Cause p38 Mitogen-activated Protein Kinase Activation by Dual Phosphorylation on Tyrosine and Threonine. J.
Biol. Chem. 1995, 270, 7420–7426. [CrossRef]

51. Kyriakis, J.M.; Banerjee, P.; Nikolakaki, E.; Dai, T.; Rubie, E.A.; Ahmad, M.F.; Avruch, J.; Woodgett, J.R. The stress-activated
protein kinase subfamily of c-Jun kinases. Nat. Cell Biol. 1994, 369, 156–160. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev.bioeng.9.060906.151927
http://dx.doi.org/10.1038/35036035
http://dx.doi.org/10.1016/s0065-230x(08)60765-4
http://www.ncbi.nlm.nih.gov/pubmed/9561267
http://dx.doi.org/10.1093/ndt/gfr550
http://dx.doi.org/10.1042/BJ20100323
http://dx.doi.org/10.1155/2014/352371
http://dx.doi.org/10.1002/jcp.22448
http://www.ncbi.nlm.nih.gov/pubmed/20945383
http://dx.doi.org/10.3747/pdi.2010.00200
http://www.ncbi.nlm.nih.gov/pubmed/21719683
http://dx.doi.org/10.1161/CIRCRESAHA.112.272963
http://www.ncbi.nlm.nih.gov/pubmed/22993413
http://dx.doi.org/10.1007/s11912-012-0227-y
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1167/iovs.08-2192
http://dx.doi.org/10.1016/0006-2952(96)00046-9
http://dx.doi.org/10.1016/j.yjmcc.2010.10.004
http://dx.doi.org/10.1023/A:1021106232511
http://dx.doi.org/10.1161/01.CIR.99.3.384
http://dx.doi.org/10.1161/CIRCRESAHA.107.148288
http://www.ncbi.nlm.nih.gov/pubmed/17556659
http://dx.doi.org/10.1038/nm1000
http://www.ncbi.nlm.nih.gov/pubmed/14966518
http://dx.doi.org/10.1016/j.neurobiolaging.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25554494
http://dx.doi.org/10.1016/j.semnephrol.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22835455
http://dx.doi.org/10.1097/01.ASN.0000109669.23650.56
http://www.ncbi.nlm.nih.gov/pubmed/14747383
http://dx.doi.org/10.1074/jbc.272.17.11057
http://dx.doi.org/10.1016/0092-8674(92)90076-O
http://dx.doi.org/10.1128/MCB.14.10.6683
http://dx.doi.org/10.1016/0092-8674(92)90361-F
http://dx.doi.org/10.1074/jbc.270.13.7420
http://dx.doi.org/10.1038/369156a0
http://www.ncbi.nlm.nih.gov/pubmed/8177321


J. Clin. Med. 2021, 10, 62 14 of 14

52. Robbins, D.J.; Zhen, E.; Owaki, H.; Vanderbilt, C.A.; Ebert, D.; Geppert, T.D.; Cobb, M.H. Regulation and properties of extracellular
signal-regulated protein kinases 1 and 2 in vitro. J. Biol. Chem. 1993, 268, 5097–5106. [PubMed]

53. Alzahrani, A.S. PI3K/Akt/mTOR inhibitors in cancer: At the bench and bedside. Semin. Cancer Biol. 2019, 59, 125–132. [CrossRef]
[PubMed]

54. Fantus, D.; Rogers, N.M.; Grahammer, F.; Huber, T.B.; Thomson, A.W. Roles of mTOR complexes in the kidney: Implications for
renal disease and transplantation. Nat. Rev. Nephrol. 2016, 12, 587–609. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8444886
http://dx.doi.org/10.1016/j.semcancer.2019.07.009
http://www.ncbi.nlm.nih.gov/pubmed/31323288
http://dx.doi.org/10.1038/nrneph.2016.108

	Introduction 
	Material and Methods 
	LC Cell LC Culture and Characterization 
	Hyposmotic-Induced Cellular Swelling Treatment of Lamina Cribrosa Cells 
	RNA Isolation, cDNA Synthesis and Quantitative Real-Time RT-PCR 
	Cell Lysate Preparation and Western Blot Analysis 
	Statistical Analysis 

	Results 
	Basal and Hyposmotic-Induced Expression/Activity of PKC in Normal and Glaucoma LC Cells 
	Basal and Hyposmotic-Induced Expression/Activity of p38-MAPK in Normal and Glaucoma LC Cells p 
	Basal and Hyposmotic-Induced Expression/Activity of p42/44-MAPK in Normal and Glaucoma LC Cells 
	Expression of PI3K/mTOR Is Elevated in Glaucoma LC Cells 

	Discussion 
	References

