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1. Introduction

Glaucoma is a degenerative and progressive pathology involving the optic nerve with
consequent loss of the visual field: it is a particularly severe ocular affection constituting the
second cause of blindness in the world. This disease may occur at any age even though it is
more frequently found in senior people (Quigley, 1987; Morgan, 2000). Five different types
of the disease have been described: two of them are defined as primary open angle or,
alternatively, closed angle, which is possibly the most common one (Joseph & Grienson,
1994). Retinal gangliar cells were reported to be the ones mainly damaged by the disease as
shown in classical studies by Quigley (Quigley et al., 1998). The disease causes a reduction of
the axons forming the optic nerve (Capaccioli ef al., 1998). The etiology of glaucoma may be
due to two different types of damage: either mechanical or ischemic. In any case, it is
commonly accepted that an increased intraocular pressure represents a major risk factor in
the development of the disease, and actually, it may be one of the principal causes (Quigley
et al., 1994; De Gregorio et al., 1997; Sommers et al., 1991; Friedman et al., 2004). Under the
clinical point of view, the increase of pressure is apparently attributable to the alteration of
the ocular hydrodynamics, which determines a normal efflux of the aqueous humor from
the anterior chamber. Different types of glaucoma exist in particular, in the case of the open
angle glaucoma, the lack of efflux depends particularly on obstructions in the trabecular
network, while the primary closed angle glaucoma involves a modification the irido-corneal
angle. Other ocular pathologies exist where the vitreous efflux is altered but, in these cases,
the pathology is defined as secondary glaucoma: also in this pathological condition, the
open and the closed angle have been described. In any case, the elevated intraocular
pressure seems to be the most relevant pathogenic phenomenon determining the
neuropathy although it may be not the only one (Quigley et al., 1994; De Gregorio et al., 1997;
Sommers et al., 1991). With respect to this, the synergic action of other factors seems to be
proved by the existence of glaucomatous pathologies occurring in conditions of normal
ocular pressure: however, a reduced retinal and optic nerve perfusion could play a role due
to a deficient blood delivery to these ocular structures. The immunological aspect of the
disease should be also considered: for instance in glaucoma patients several auto-immuno
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markers were detected (Wax et al., 2000). However, the role of the humoral immunity is far
from clear, even though the immuno-system could play a role in the development and/or
progression of the pathological condition (Pescosolido et al., 2008). In the light of the aspects
so far discussed, it is plausible assuming that the immune system plays an active role in
triggering the neuro-degenerative process, which could be very likely, started by the glial
cells. These, by producing cytokines and presentation of antibodies, lead to the elicitation of
cytotoxic autoantibodies as previously discussed (Calandrella et al., 2010).

In our laboratory, we developed an effective experimental rat model of acute ocular
hypertension where the hyper-tone was induced by injection of methylcellulose in the
anterior chamber. This inert non-immunogenic substance clogs the Schlemm’s canals thus
causing the accumulation of aqueous humor with consequent increase of intra-ocular
pressure: therefore, the pathological conditions found in the human glaucoma are
reproduced. The increased intra-ocular pressure (IOP) eventually determines a damage at
the level of the retinal cells which can be controlled by L-carnitine, a well known peroxide
scavenger (Calandrella et al., 2007; Calandrella et al. 2010). In this work, we focus on the
morphological and functional alterations of the ocular nervous structures consequent to the
hypertensive stress. In particular, we have examined the possibility that L-carnitine can
antagonize the damage due to the production of free radicals that are formed in significant
amounts during a situation of ischemia/re-perfusion. In other words, we probed the
hypothesis that L-carnitine may play an anti-apoptotic role via the improvement of the
mitochondrial performance and the stabilization of the membrane of this cell organelle (Ishii
et al., 2000). To this end, we present data on the on the alterations of the expression of the
Matrix-Metallo-Proteases (MMP) -2 and -3. These enzymes are involved, respectively, in the
degradation of type IV collagen and of a wide range of proteins of the extracellular matrix
such as fibronectin, proteoglycans and lamin. We also present results on the level of
expression of the inducible Nitric Oxide Synthase (iNOS), one of the principal enzymes
responsible for the production of free radicals in the retina and optic nerve subjected to the
hypertensive shock. To ascertain the actual extent of oxidative damage we also measured
the level of membrane lipo-peroxidation and, finally, we assessed the mode of cell death by
the evaluation annexin V, an early marker of apoptosis and caspase-3, a protease executing
the apoptotic death program.

2. Materials and methods

2.1 Animals and induction of the hyper-tone

We used 5 different male Wistar rats (weight 300-500 grams) in each experimental session.
In every animal, one eye was subjected to the treatment while the contra-lateral one
represented the untreated sham-operated control. The experimental model of hyper-tone
induction was derived from the one published by Zhu and Cai in rabbits but adapted to rats
(Zhu & Cai 1992). Where applicable, L-carnitine (obtained from Sigma-Tau, Italy) was used
at 0,6 mM (concentration which refers to the solution applied to the animal’s eye). Animals
were sacrificed at the indicated time post-treatment by carotid haemorrhage and the eyes
were enucleated for analysis. The cornea was eliminated at the level of the corneal limbus
and emptied of the crystalline lens and aqueous humor.

For details about methyl-cellulose injection, time course and measurement of the ocular
hyper-tone, local and general anesthesia as well as surgical manipulations see: (Calandrella
et al., 2007; Calandrella et al., 2010).
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2.2 Cell biology assays

Immunolocalization was performed as previously reported (Calandrella et al., 2007).
Immuno-histochemical assays were used to assess the level of Matrix-Metallo-Proteases 2 e
3 (MMP-2 MMP-3), inducible Nitric Oxide Synthase (iNOS), annexinV and caspase-3; for
details see (Calandrella et al., 2007; Calandrella et al., 2010). Immunohistochemistry samples
were fixed and stored at -20° for subsequent microscopy observation.

2.3 Biomolecular assays

Western blottings and lipoperoxidation assays were performed on control and carnitine
treated retinal cell extracts. Total protein extracts were prepared by standard procedures
and analyzed by PAGE using the following antibodies: caspase 3 (active form), iNOS (Santa
Cruz) and ubiquitin (Sigma-Aldrich). Actin was used as standard reference (Sigma-Aldrich).
To determine the oxidative stress at membrane level we used a quantitative assay based on
the intracellular production of malonyl-dialdehyde (MDA, commercial kit LPO-586 Oxis
Health Research Products Portland, Or. USA). The reaction of a single MDA molecule with
NMP molecules generates a stable chromophore whose absorbance is measured at a 586 nm.
Absorbance values can be directly converted in molar concentration of MDA.

2.4 Statistical analysis

All the experiments were repeated at least three times. Statistical analysis of the results was
made by the Student’s t-test or by a two-way analysis of variance (ANOVA) followed by the
Student’s t-test. P-values <0.05 were considered significant. Ocular inflammation was
evaluated by the Drize test (Drize, 1944). The experimentation was performed according the
guidelines ARVO (Association for Research in Vision and Ophthalmology). In any case, this
research was conducted according to the International Guiding Principles for Biomedical
Research Involving Animals recommended by WHO on animal research; all Italian and
European regulations on animal research were also respected.

3. Results and discussion

3.1 Alterations of the extracellular matrix: Role of Matrix-Metallo-Proteases (MMP -2
and 3)

As previously shown in our laboratory, in the glaucomatous pathology an extensive matrix
remodeling is observed at the level of the head of the optic nerve; this is associated to the
increase of intra-ocular pressure (Calandrella et al., 2007; Calandrella et al., 2010).
Remodeling of the extra-cellular matrix, induced by neural damage, is mediated by the
MMPs which are normally regulated by specific inhibitors known as TIMPs. These enzymes
are expressed in a constitutive manner in the retina, in particular in the retinal gangliar cells
(RGC), while in the optic nerve MMPs are expressed by astrocytes. This suggests their
involvement in the maintenance of the synaptic integrity and plasticity as well as the peri-
axonal space. In a first series of experiments, we assessed the matrix re-modeling by
immunolocalization of MMP-2 and MMP-3. Data presented in Figure 1 show that
methylcellulose (MTC) induces a drastic increase of the MMP-2 expression in the retina
(Right upper panel). The fluorescent reaction is strongly reduced by contemporary injection
of MTC and L-Carnitine (Center lower panel) thus suggesting the protective role of this
drug.
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Fig. 1. Increase of the MMP-2 expression in the retina as shown by fluorescent reaction
(Right upper panel), which is strongly reduced by contemporary injection of MTC and L-
Carnitine (Center lower panel). The left upper panel refers to untreated control eyes.

We obtained similar results also after immunolocalization of the MMP-3 (Figure 2, Left
upper panel and lower center panel, respectively); actually, the expression of this enzyme is
significantly reduced in the presence of L-carnitine.

The molecular target of the two MMPs is different since the first one cleaves type IV
collagen while the second one degrades a broader range of proteins such as fibronectin,
laminine and proteoglycans (Woessner, 1991). We monitored analogous results in
immunolocalization analysis of the optic nerve, also in the over-expression of MMPs whose
reduction is mediated by L-carnitine. Interestingly, the columnar organization of the
astrocytes is lost after treatment with MTC but is moderately restored by L-carnitine. With
respect to this, the presence of an increased expression of the MMPs was previously
observed in the vitreous and cultured cells of the trabecular network. Actually, data from
other laboratories suggest that, due the broad range of substrates processed by MMP-3, the
over-expression of this enzyme is per se sufficient to cause re-modeling of the trabecular
tissue in the open angle glaucoma after ex vivo reperfusion of the eye (Pang et al., 2003).
Therefore, the original data is that in our case matrix remodeling is also observed in the
posterior area of the eye.

From these results, we can draw a first conclusion: L-carnitine can counteract the effects of
the hypertone due to the injection MTC. In other words, the extracellular matrix remodelling
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can be controlled by the cytoprotective action of L- carnitine, which improves the membrane
stability and consequently, leads to better interactions between the cell and the extracellular
matrix.

Fig. 2. Immunolocalization of the MMP-3 after treatment with MTC (Right upper panel).
The expression of this enzyme is significantly reduced in the presence of L-carnitine (Lower
center panel). Left upper panel is as in Figure 1.

3.2 Oxidative stress as a consequence of the acute ocular hypertension

The cellular damage due to the hypoxi/re-oxigenative stress may trigger the production of
free radicals with consequent destabilization of the cell membranes (Calandrella et al., 2010).
As a matter of fact literature data show that the ischemic insult at retinal level activates
iNOS which leads to the production of nitrogen oxide (Goldstein et al., 1995; Geyer et al.,
1995): this compound is cytotoxic at high concentration and causes lipid peroxidation (Crow
et al., 1996; Ullrich et al., 2000). It was also shown that iNOS expression is responsible for the
retinal cell death both in vitro and in vivo (Sennlaub et al., 2002). In the light of these data, we
evaluated the level of this enzyme as a consequence of the hypertensive shock caused by
MTC and if its expression could be modulated by parallel administration L-carnitine. The
experimental approach is essentially analogous to the one adopted for the determination of
MMP-2 and -3 (the results of immunolocalization assays are not shown). We also carried a
Western blot evaluation of the iNOS level. It worth noting that, unlike the previous
immunolocalization assays, the Western blot allows a simpler and more immediate
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quantification of the iNOS concentration. Results show (Figure 3) that in protein extracts of
retina, a protein band of 130 kDa is observed representing the iNOS already hours 6 after
the treatment with MTC (immunoblot at 24 hours is omitted). The actin band (50 kDa) was
used as reference standard in this and the following Western blotting assays.

This indicates that the up-regulation of iNOS and the consequent production of nitric oxide,
are early reactions to the hypertensive shock. As expected in the animals treated also with L-
carnitine the enzyme immuno-band is significantly reduced. This validates the idea that the
drug exerts a strong cytoprotective action during the re-oxigenation and reperfusion process
(Mutomba et al., 2000; Di Marzio et al., 1997; Pillich et al., 2005). Similar results were obtained
24 hour after the treatment. The data are quantified in Figure 4.

Fig. 3. Treatment of the rat eye with MTC for 6 hours induces a strong induction of the iNOS
(Upper panel, center lane) as compared to the control eye where the iNOS band is decreased
(Upper panel, left lane). This over-expression is reduced significantly by contemporary
treatment with L-carnitine (Upper panel, right lane). The lower panel refers to the actin
immunoreaction used as standard (See Figure 4).
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Fig. 4. Quantification of the Western blotting data presented in figure 3. Quantification
refers both to 6 and to 24 hours post-treatment.

In the light of these results, we also assessed the level of lipid peroxidation, which is
commonly accepted as an indicator of oxidative stress in cultured cells and in tissues (Petit
et al., 1995; Chancerelle and Kergonou, 1995). This assay is based on the quantitative
evaluation of the intracellular concentration of malonyl-dihaldeyde (MDA). This compound
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is not normally present in the cells but is formed after an oxidative stress and is also
considered a marker of membrane damage; as a matter of fact MDA is one of the main
products of the decomposition of poly-unsaturated fatty acids.

The lipoperoxidation assay, performed three hours after the treatment with MTC (Fig 5,
central bar), indicates a dramatic increase of the MDA concentration as compared to control
retinas (left bar). However, the production of this compound is significantly reduced if MTC
is administered to the rat in the presence of L-carnitine. This validates the idea that L-
carnitine stabilizes the lipid membrane and improves the mitochondrial performance. The
final result is the reduction of the lipid peroxidation derived by the hypertensive shock.

Concentration MDA
1000,00
800,00 |
Z 600,00 -
=
= Zx
= 400,00 -
200,00 +
u’m 1 - | 4
Contrel MTC MTC + L-camitine
Treatment 3h

Fig. 5. Lipoperoxidative damage induced by MTC (Central bar) treatment is drastically
reduced by L-carnitine (Right bar).

3.3 Mechanisms of programmed cell death: expression of annexin V and caspase-3

In this final series of experiments, we monitored the level of two different apoptotic
markers: annexin V and caspase -3. The rationale of these experiments was that in the early
stages of apoptosis the phospho-lipid symmetry of the membrane is altered; annexin V is
included in a family of proteins known to bind phospholipids in the presence of Ca2* ions.
In particular, it interacts with phosphatidyl-serine, which is translocated to the outer face of
the membrane thus becoming a recognition signal for phagocytes (Lazebnick et al., 1994).
We evaluated the expression of this early marker of apoptosis by immuno-blotting, both
after treatment of the eye with MTC only, or MTC in the presence of L-carnitine.

The level of annexin V was normalized to the one of actin, which is expressed in a
constitutive fashion. Results of Figure 6 clearly show that contemporary treatment with
MTC and L-carnitine reduces significantly the level of annexin V already 6 hours post-
treatment (the immunoblot picture is reported only for the treatment time at 6 while the
quantitative analysis refers both to 6 and 24 hour treatment). The low level of Annexin V
monitored after 24 hours of treatment (immunoblot not shown, quantification in Figure 7) is
possibly due to the advanced phase of apoptosis since this marker is expressed mainly in the
early phases of the process (Lazebnick et al., 1994).

The low level of annexin V observed also in untreated eyes may be ascribed to the
“physiological” expression on this protein as observed previously or, alternatively, to a
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generic damage inflicted to the eye while carrying out the experimental protocol
(Calandrella et al., 2010).

Fig. 6. Expression annexin V both after treatment of the eye with MTC only (Center lane), or
MTC in the presence of L-carnitine (Right lane). Also in this case as in the previous figure,
actin (Lower panel) was used as reference standard for the quantification reported below.
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Fig. 7. Levels of annexin V after treatment with MTC or MTC plus carnitine. Also in this case
as in the previous figure actin was used as reference standard.

Caspase-3 is the enzyme responsible for the execution of the final phases of apoptosis.
Therefore, the Western-blot analysis was performed both after 6 and 24 hours of treatment
with MTC (or in association with L-carnitine). This experiment allows also evaluating
whether L-carnitine is able to reduce the apoptotic death by modulating in a negative
fashion the expression of caspase-3 (Mutomba et al., 2000, Calandrella et al. 2007). Data
reported in Figure 8 (Upper panel, right lane) clearly show that the expression of caspase-3
in retinal cell extracts is strongly reduced at 24 hours after the treatment with MTC in the
presence of L-carnitine.

However, 6 hours after the treatment the level of caspase-3 is practically identical to control
samples. This suggests that L-carnitine acts also in advanced stages of the apoptotic process
but prior to irreversibility.
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Fig. 8. The expression of caspase-3 (Center lane) in retinal cell extracts is strongly reduced at
24 hours after the treatment with MTC in the presence of L-carnitine (Right lane). Actin
(Lower panel) was used as reference standard for the quantification reported below.
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Fig. 8. Quantification of the data in the previous figure (normalized to actin).

4. Conclusions

In this study, we induced the hypertensive stress inoculating methyl-cellulose in the anterior
chamber of the eye in a rat model system. This mimics the pathological situation occurring
in the human glaucoma (Calandrella et al., 2010). The results of our investigations
demonstrate that L-carnitine, a well known scavenger of reactive peroxides (Pollit, 1995;
Stephens et al., 2007), can exert a cytoprotective action which involves the reduction of the
expression of metalloprotease -2 and -3. We also monitored a down-regulation of typical
apoptotic markers such as annexin V and caspase 3. The decrease of the level of iNOS,
induced by L-carnitine and the consequent reduction of intracellular MDA finally suggests
that this compound may also limit the damage due to the oxidative stress. In conclusion,
these results may be very useful in the elucidation of the pathological and molecular
phenomena occurring during the progression of the human glaucoma. Also, these data may
open the way to a possible solution of this pathological condition.
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