
Glaucoma is one of the major ocular neurodegenera-
tive diseases leading to loss of visual function and impaired 
quality of life [1]. Elevated intraocular pressure (IOP) is 
considered the main risk factor, and although it is no longer 
used to diagnose the disease, IOP is still the only target for 
glaucoma therapy [2]. Pharmacological therapies aiming at 
lowering IOP, including drugs that increase aqueous humor 
outflow or suppress aqueous humor production, are currently 
available [3]. However, lowering IOP does not always prevent 
the progression of the disease. Optic atrophy can occur in the 
presence of IOP values that fall within the normal range (i.e., 
normal tension glaucoma), and clinical studies have docu-
mented that even when IOP is pharmacologically controlled, 

optic nerve damage can still progress in a significant number 
of patients [4,5]. Apoptotic retinal ganglion cell (RGC) death 
is the final event leading to visual loss in glaucoma [6], and 
therefore, strategies aimed at preventing or attenuating RGC 
degeneration might fulfill the need for a better glaucoma 
treatment.

Efforts have been made to identify drugs endowed 
with neuroprotective effects and able to preserve visual 
functioning. However, the recent unexpected failure of a 
clinical trial on patients with glaucoma testing the efficacy 
of memantine, an uncompetitive N-methyl D-aspartate 
(NMDA) receptor antagonist prescribed in Alzheimer 
disease, raised several doubts regarding the strategies to 
achieve neuroprotection in glaucoma [7]. It is conceivable 
that a single drug that hits one target might have limited 
efficacy in preventing the progression of a disease that has 
a multifactorial pathogenesis [8]. In fact, RGC death occurs 
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Purpose: Retinal ganglion cell (RGC) death is the final event leading to visual impairment in glaucoma; therefore, 
identification of neuroprotective strategies able to slow down or prevent the process is one of the main challenges for 
glaucoma research. The purpose of this study was to evaluate the neuroprotective potential of RGC death induced by 
the in vivo transient increase in intraocular pressure (IOP) of a combined treatment with forskolin, homotaurine, and 
L-carnosine. Forskolin (7beta-acetoxy-8, 13-epoxy-1a, 6β, 9a-trihydroxy-labd-14-en-11-one) is an activator of adenyl-
ate cyclase that decreases IOP by reducing aqueous humor production and functions as a neuroprotector due to its 
neurotrophin-stimulating activity. Homotaurine is a natural aminosulfonate compound endowed with neuromodulatory 
effects, while the dipeptide L-carnosine is known for its antioxidant properties.
Methods: Retinal ischemia was induced in the right eye of adult male Wistar rats by acutely increasing the IOP. For-
skolin, homotaurine, and L-carnosine were intravitreally injected and RGC survival evaluated following retrograde label-
ing with FluoroGold. Total and phosphorylated Akt and glycogen synthase kinase-3β (GSK-3β) protein levels, as well as 
calpain activity, were analyzed with western blot. Protein kinase A (PKA) was inhibited by intravitreal injection of H89.
Results: A synergic neuroprotective effect on RGC survival was observed following the combined treatment with for-
skolin, homotaurine, and L-carnosine compared to forskolin alone. The observed neuroprotection was associated with 
reduced calpain activity, upregulation of phosphoinositide 3-kinase (PI3K)/Akt pathway, and inhibition of GSK-3β but 
was independent from PKA activation and distinct from the hypotensive effects of forskolin.
Conclusions: A multidrug/multitarget approach, by interfering with several pathways involved in RGC degeneration, 
may be promising to achieve glaucoma neuroprotection.
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through a complex series of pathological events and involves 
several pathways. Changes in neurotrophin signaling, oxida-
tive stress, excitotoxicity, mitochondrial dysfunction, protein 
misfolding, hypoxic and ischemic phenomena, and autoim-
munity, have all been identified as contributing factors to 
glaucoma-associated RGC death [9]. Therefore, the use of 
a combination of drugs acting simultaneously on different 
mechanisms may offer a more powerful tool for preventing 
RGC degeneration.

The diterpenoid forskolin (7beta-acetoxy-8, 13-epoxy-1α, 
6β, 9α-trihydroxy-labd-14-en-11-one) is an adenylate 
cyclase activator [10] that has been shown to decrease IOP 
by reducing aqueous humor production in animals [11-14] 
and humans [15-17] suggesting potential use for glaucoma 
treatment. Evidence has also been reported suggesting that 
forskolin promotes neuronal survival by stimulating neuro-
trophin activity in models of RGC death [18,19].

L-carnosine, a dipeptide composed of β-alanine and 
L-histidine, exerts several biologic effects including anti-
oxidant action, pH buffering, and heavy metal chelating 
activities [20-22]. The neuroprotective effects of L-carnosine 
have been shown in cerebellar granule neurons exposed to 
β-amyloid [23] and in animal models of brain ischemia [24]. 
Furthermore, the recently published results of two clinical 
trials reported positive effects of L-carnosine treatment in 
patients with chronic discirculatory encephalopathy and 
Parkinson disease [25,26].

Homotaurine (3-amino-1-propane sulfonic acid, 
tramiprosate) is a natural aminosulfonate compound endowed 
with neuromodulatory effects. A recent study reported its 
neuroprotective effect following ischemic stroke in rats [27] 
and the post-hoc analysis of a failed phase III clinical trial 
with tramiprosate demonstrated significant positive effects 
on secondary endpoints in patients with Alzheimer’s [28]. 
Here, using a well-established animal model of acute angle-
closure glaucoma, we tested the effect of the combination of 
forskolin, L-carnosine, and homotaurine on RGC survival 
and provide evidence on their synergic neuroprotective effect.

METHODS

Animals: Male Wistar rats (280–330 g) were purchased from 
Charles River (Lecco, Italy) and housed with a 12 h:12 h light-
dark cycle with ad libitum access to food and water. Animal 
care and experimental procedures were performed in accor-
dance with the guidelines of the Italian Ministry of Health 
for Animal Care (DM 116/1992) and the ARVO Statement 
for the Use of Animals in Ophtalmic and Vision Research. 
The protocol was approved by the Italian Minister of Health 
(Protocol Number 110000351). All surgical procedures were 

performed under deep anesthesia, and all efforts were made 
to minimize suffering.

Retinal ischemia: Retinal ischemia was induced in adult rats 
with a transient increase in IOP according to the method 
previously reported [29]. Animals were deeply anesthe-
tized with intraperitoneal (i.p.) injection of chloral hydrate 
(400 mg/kg) and laid on a heating pad to maintain the body 
temperature at 37 °C. Topical anesthesia was induced by 
0.4% oxibuprocaine eye drops (Novesina, Novatis, Italy). A 
27-gauge infusion needle, connected to a 500 ml bottle of 
sterile saline, was inserted in the anterior chamber of the right 
eye, and the saline container was elevated to rise IOP above 
80 mmHg for 50 min. Retinal ischemia was confirmed by 
whitening of the fundus. For each animal, the left eye was 
used as the non-ischemic control.

Body temperature was monitored before and after 
ischemia, and animals with values lower than 35.5 °C were 
excluded. Animals were sacrificed by cervical dislocation at 
1 h or 7 days following the 50 min of ischemia. Retinas were 
quickly dissected, snap frozen in liquid nitrogen, and stored 
at −80 °C until use.

Intraocular pressure recording: IOP was monitored at the 
beginning and at the end of the ischemia, and following 1 
h reperfusion using a tonometer (Icare Lab/Tonolab, Italy). 
Corneal analgesia was achieved using topical oxibuprocaine 
0.4% drops (Novesina, Novartis Farma, Italy), the eyelids 
were gently retracted, and a tonometer probe was pointed on 
the central cornea. Each recorded value was the average of 
three repeated measurements.

Intravitreal administration: Forskolin (Sigma-Aldrich, 
Milan, Italy) was dissolved in sterile dimethyl sulfoxide 
(DMSO) at the concentration of 10 mM. A stock solution of 
homotaurine and L-carnosine (Truffini e Reggè Farmaceutici 
S.r.l., Milan, Italy) were prepared in sterile water at 1 mM and 
100 mM concentrations, respectively. Stock solution (10 mM) 
of the PKA inhibitor H89 (Sigma-Aldrich) was prepared in 
sterile DMSO. Stocks were subsequently diluted to the final 
concentration using sterile PBS (1X; 10 mM NA2HPO4, 2 
mM KH2PO4, 2.7 mM KCl and 137 mM NaCl, pH 7.4).

Intravitreal injection was performed by puncturing the 
eye with a 23-gauge needle at the cornea-sclera junction, 
and the drugs administered with a 5 µl Hamilton syringe. 
Administration of forskolin (0.6–6 nmol/eye, corresponding 
at about 10–100 μM as the final concentration in the vitreous), 
homotaurine (0.059 μmol/eye), L-carnosine (0.036 μmol/eye) 
alone or in combination, or control solution (2.5–5% DMSO), 
was performed 1 h before and following the 50 min of isch-
emia. Where indicated, a single intravitreal injection of H89 
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(2 mM; 3 μl/eye; corresponding to about 100 μM as the final 
concentration in the vitreous) was performed 75 min before 
the ischemia was induced.

The duration of the injection (3 μl/eye) was 3 min in 
all instances. At the indicated time points, animals were 
sacrificed, and subjects with visible lens damage or vitreous 
hemorrhage were excluded from the analysis.

Retrograde labeling of RGCs: To evaluate cell loss, RGCs 
were retrogradely labeled by stereotaxically injecting the 
fluorescent tracer FluoroGold (Fluka, Sigma-Aldrich) into 
the superior colliculus. The tracer is taken up by the axon 
terminals of the RGCs in the superior colliculus and trans-
ported retrogradely to the soma in the retina [30]. Briefly, 4 
days after the ischemic insult, the rats were anaesthetized and 
immobilized in a stereotaxic device (Kopf 900, Analytical 
Control, Milan, Italy); positions of superior colliculi were 
identified with the Paxinos and Watson atlas (1998). The 
skull was exposed, and 2 µl of 5% Fluoro-Gold solution 
(Fluka, Sigma-Aldrich) was injected on both sides of the 
skull 6 mm posterior to the bregma, 1.2 mm lateral to the 
sagittal suture, and 4 mm deep from the bone surface using 
a Hamilton syringe with a 33 gauge needle (Reno, NV). The 
skin was then sutured, and a 0.3% tobramycin ointment was 
applied (Alcon, Milan, Italy). Seven days after ischemia (3 
days following the FluoroGold injection), the animals were 
killed and eyeballs enucleated and fixed for 30 min in para-
formaldehyde 4% (PFA). The anterior segment of the eye 
was removed and the posterior eye cup additionally fixed 
for 1 h. The isolated retinas were divided into four quad-
rants (nasal, temporal, upper, and lower) and mounted on 
the slide using Vectashield medium (Vector Laboratories, 
DBA, Milan, Italy). Twenty images per retina (two from the 
peripheral, two from the middle, and one from the central 
retina for each quadrant) were acquired using a deconvolu-
tion microscope (Leica Microsystems CMS EL6000, GBH, 
Mannheim, Germany) at 40X magnification (size of the field: 
320.4×239.3 μm) and subjected to cell count by a blind inves-
tigator. The total number of labeled cells in the ischemic eye 
was compared with that of the contralateral eye and expressed 
as a percentage of RGC loss.

Immunoblot analysis: Retinas were lysed in ice-cold radioim-
munoprecipitation assay (RIPA) buffer (50 mM Tris-HCl (pH 
8), 150 mM NaCl, 1 mM EDTA, 0.1% sodium dodecylsulfate 
(SDS), 1% IGEPAL, 0.5% sodium deoxicholate) containing 
protease inhibitor cocktail (cod. P8349; Sigma-Aldrich). For 
the analysis of the phosphorylated proteins, the retinas were 
homogenized in 130 µl of ice-cold lysis buffer containing 
50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 
2 mM EGTA, 1% Triton, 1 nM okadaic acid, protease (cod. 

P8349, Sigma-Aldrich), and phosphatase inhibitor cocktail 
(cod. 524,625, Calbiochem, La Jolla, CA). Lysates were 
centrifuged for 15 min at 10,000 ×g at 4 °C and supernatants 
assayed for protein content with the Bio-Rad DC Protein 
Assay Kit (Bio-Rad Laboratories, Milan, Italy).

Equal amounts of the total proteins were separated with 
SDS–polyacrylamide gel electrophoresis (SDS–PAGE), 
transferred onto polyvinylidene fluoride (PVDF) membranes 
(Immobilon-P, Sigma-Aldrich), and blocked with 5% non-fat 
milk in Tris-buffered saline containing 0.05% Tween-20 for 
1 h at room temperature. Primary antibodies were incubated 
overnight at 4 °C followed by a horseradish peroxidase conju-
gated secondary antibody for 1 h at room temperature. Protein 
bands were visualized with the enhanced chemiluminescence 
(ECL) Western Blotting Detection kit (ECL, Amersham 
Biosciences, GE Healthcare, Milan, Italy) and the chemilu-
minescence signal detected using X-ray films (Hyperfilm 
ECL, Amersham Bioscience). Autoradiographic films were 
scanned, digitalized at 300 dpi, and band quantification was 
performed using ImageJ software (NIH, Bethesda, MD).

The following primary antibodies and dilutions were 
used: anti-Akt 1:2,000 dilution rabbit polyclonal (Cell 
Signaling Technology, Beverly, MA); anti-phospho-Akt 
(Ser473) 1:1,000 dilution rabbit polyclonal antibody (Cell 
Signaling Technology); anti-GSK-3β 1:2,000 dilution (Cell 
Signaling Technology) rabbit polyclonal; anti-phospho-
GSK-3β (Ser9) 1:1,000 dilution (Cell Signaling Technology); 
anti-spectrin (non-erythroid) monoclonal antibody (MAB 
1622) 1:3,000 (Chemicon International Inc., Temecula, 
CA); anti-actin 1:1,000 (clone AC-40, Sigma-Aldrich); 
anti-β-tubulin 1: 20,000 (clone B-5–1-2, Sigma-Aldrich); 
anti-GAPDH 1:30,000 (Applied Biosystem, Carlsbad, CA). 
Species-specific horseradish peroxidase conjugated goat 
immunoglobulin G (IgG; Pierce Biotechnology, Rockford, 
IL) were used as secondary antibodies.

Statistical analysis: Data are expressed as the mean ± SEM 
of three to six independent experiments and evaluated statis-
tically for difference by ANOVA followed by the Tukey-
Kramer test for multiple comparisons. Where indicated, 
the Student t test was used to evaluate differences between 
two means. A value of p less than 0.05 was considered to be 
significant.

RESULTS

Forskolin prevents RGC loss induced by ischemia/reperfu-
sion: Previous work from our and other groups showed 
a significant decrease in RGC survival following retinal 
ischemia induced by a transient IOP increase [31]. In agree-
ment with those results, a significant loss of FluoroGold 
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(FG)-labeled RGCs was observed, 7 days following the insult, 
in the retina undergone ischemia/reperfusion compared to the 
contralateral, non-ischemic retina (Figure 1A-B). To evaluate 
the effect of forskolin on RGC survival, a double intravit-
real injection (10–100 μM; 1 h before starting the ischemia 
and at the end of the 50 min of ischemia) was performed. 

Significant neuroprotection was reported following treatment 
with 100 μM forskolin compared to the vehicle-treated retina. 
A trend toward a decrease in RGC loss was evident in 50 μM 
forskolin treated samples, whereas a lower concentration 
(10 μM) was ineffective (Figure 1A–B).

Figure 1. Intravitreal treatment with forskolin reduces RGC death induced by retinal ischemia. A: Representative fluorescent photomicro-
graph of whole-mount retinas showing the effect of forskolin intravitreal treatment (50–100 μM) on retinal ganglion cell (RGC) survival at 7 
days following retinal ischemia. Reduced RGC loss was evident in the retina treated with 100 μM FSK compared to vehicle-treated samples. 
Images are representative of four independent experiments. Scale bar=75 μm. B: Histogram showing the dose-dependent reduction of RGC 
death in forskolin-treated retinas (10–100 μM) compared to the vehicle-treated samples. Significant neuroprotection was reported following 
treatment with the highest dose tested (100 μM). Twenty images per retina were acquired, and FluoroGold (FG)-labeled cells were counted. 
The total number of labeled cells in the ischemic eye was compared with the contralateral eye and expressed as a percentage of RGC loss. 
Results are reported as mean ± SEM of four independent experiments (*p<0.05 versus vehicle-treated ischemic retinas; ANOVA followed 
by Tukey-Kramer multiple comparisons test). C: Histogram showing the intraocular pressure (IOP) values recorded right after the increase 
in IOP and before the procedure was ended. No significant changes in IOP values were reported in the forskolin-treated eyes compared to 
the vehicle-treated eyes. Results are reported as mean ± SEM of four independent experiments (FSK: forskolin; C: control non-ischemic 
retina; I/R: ischemic retina).
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It has been previously shown that forskolin is able to 
decrease aqueous humor production and therefore reduce 
IOP in rabbits, monkeys, and humans [11]. To exclude that 
the observed neuroprotection was due to the hypotensive 
effect of forskolin, IOP was recorded during the procedure. 
No significant changes in IOP values were reported right 
after and before the end of IOP rise in the forskolin-treated 
eyes compared to vehicle treated (Figure 1C); similarly, 
no differences were reported following 1 h reperfusion 
(vehicle: 12.16±0.44 mmHg versus 100 μM forskolin: 
11.83±0.16 mmHg; n=3 per group), thus suggesting that the 
effects on RGC survival were IOP-independent.

Homotaurine and L-carnosine potentiate forskolin neuro-
protection in experimental glaucoma: To evaluate if the 
combination with homotaurine and L-carnosine was able 
to improve the neuroprotective effect observed following 
forskolin treatment, the three compounds were administered 
together. The doses of homotaurine and L-carnosine to be 
used in combination with the effective concentration of 
forskolin (100 μM) were extrapolated from the ratio between 
the components present in a food supplement commercially 
available in Italy and indicated as a dietary supplement to 
support retinal health.

At the chosen doses, the intravitreal administration of 
homotaurine (0.059 μmol/eye) combined with L-carnosine 
(0.036 μmol/eye) did not afford neuroprotection following 
retinal ischemia. However, when the two compounds were 
administered in combination with forskolin the percentage 
of RGC loss was significantly reduced compared to forskolin 
alone (Figure 2).

Forskolin/homotaurine/L-carnosine association reduces 
calpain activation following ischemia/reperfusion: Excito-
toxicity significantly contributes to RGC death following 
retinal ischemia/reperfusion [32]. The calcium overload, 
consequent to NMDA glutamate receptors overstimulation, 
leads to the activation of calcium-dependent cysteine prote-
ases, calpains, an event mainly related to the necrotic death 
occurring during the early stages of reperfusion [33,34]. We 
investigated calpain activation by monitoring the accumula-
tion of 150/145 kDa α-spectrin breakdown products (SBDPs) 
generated by calpains following 1 h reperfusion [33,35].

Neither treatment with homotaurine/L-carnosine asso-
ciation, nor with forskolin was able to reduce the buildup of 
the typical 150/145 kDa doublet observed after 1 h reperfu-
sion (Figure 3). However, the association between forskolin, 
homotaurine, and L-carnosine strongly reduced the accu-
mulation of 150/145 kDa SBDPs, supporting the previously 
observed potentiated neuroprotective effects of the combined 
drugs.

Intravitreal treatment with forskolin/homotaurine/L-carno-
sine increases Akt activation and GSK-3β phosphorylation 
in the retina subjected to ischemia/reperfusion: Akt (also 
known as protein kinase B) is a downstream component of 
the phosphoinositide 3-kinase (PI-3K) signaling that exerts 
prosurvival and antiapoptotic effects. We have previously 
reported activation of the PI3K/Akt pathway in RGCs in 
response to retinal ischemia [29]. In particular, we have 
shown an upregulation of the phosphorylated active form of 
Akt (pAkt) following 1 h reperfusion. Here, to elucidate the 
mechanisms underlying the neuroprotection afforded by the 
proposed association of drugs, we tested its effect on Akt 
activation by checking on the levels of the phosphorylated 
form.

As shown in Figure 4A, treatment with forskolin/
homotaurine/L-carnosine significantly increases pAkt levels 
compared with either contralateral or vehicle-treated retinas 
(Figure 4A).

Glycogen synthase kinase-3β (GSK-3β) is a downstream 
substrate of Akt [36,37]. Retinas treated with forskolin/
homotaurine/L-carnosine solution and subjected to ischemia 
followed by 1 h reperfusion showed a significant increase 
of pGSK-3β (Ser9) compared to the contralateral or vehicle-
treated retinas (Figure 4B) confirming that the observed 
changes in pAkt levels correlates with increased activity of 
the enzyme.

RGC neuroprotection afforded by treatment with forskolin/
homotaurine/L-carnosine is PKA-independent: Forskolin 
increases intracellular level of cyclic adenosine monophos-
phate (cAMP), which, in turn, activates protein kinase A 
(PKA) [10]. To investigate the involvement of PKA in the 
neuroprotection observed with forskolin plus homotaurine/L-
carnosine, we tested the effect of a PKA inhibitor, H89 
(100 μM; given intravitreally 75 min before ischemia). Figure 
5 shows that treatment with the PKA inhibitor did not revert 
the effect on RGC survival afforded by the combination of 
drugs, suggesting that this is a PKA-independent effect.

DISCUSSION

RGC death is the final event leading to visual impairment 
in glaucoma; therefore, identification of neuroprotective 
strategies able to slow down or prevent the process is one 
of the main challenges for glaucoma research. The purpose 
of our study was to investigate the neuroprotective potential 
of a combined treatment with three natural substances, each 
endowed with neuroprotective properties, in a well-estab-
lished animal model of acute glaucoma induced by a transient 
increase in IOP [29,31]. In this model, the ocular hypertension 
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Figure 2. Intravitreal application of homotaurine and L-carnosine potentiates the neuroprotection afforded by forskolin in retinas subjected 
to ischemia/reperfusion. Intravitreal treatment with homotaurine (0.059 μmol/eye) and L-carnosine (0.036 μmol/eye) did not afford neuro-
protection following retinal ischemia; administration of the two compounds in combination with forskolin (100 μM) significantly potentiated 
the survival of retinal ganglion cells (RGCs; evaluated 7 days following retinal ischemia) compared to forskolin alone. A: Representative 
photomicrographs of FluoroGold (FG)-labeled RGCs in whole-mount retinas are shown. Scale bar=75 μm. B: Histogram shows the results 
of the FG-labeled RGC count expressed as mean ± SEM of four independent experiments (**p<0.01, ***p<0.001 versus vehicle-treated 
ischemic retinas; #p<0.05; ANOVA followed by Tukey-Kramer multiple comparisons test). (FSK: forskolin; Hom: homotaurine; Carn: 
L-carnosine; C: control non-ischemic retina; I/R: ischemic retina).
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leads to a transitory ischemia that mimics the hypoxic stress 
that RGCs may undergo in glaucoma [38].

Our results demonstrate that the adenylate cyclase acti-
vating agent forskolin partially prevents RGC death following 
retinal ischemia, and this effect is potentiated by the simul-
taneous administration of homotaurine and L-carnosine. 
The observed potentiated neuroprotection is associated with 
reduced calpain activity and upregulation of the PI3K/Akt 
pathway, while it is insensitive to PKA inhibition and distinct 
from the reported hypotensive action of forskolin [39,40].

Forskolin increases cAMP, and this reduces aqueous 
inflow leading to the reported intraocular hypotensive effect 
[11,15]. Under the present experimental conditions, the 
latter effect might not be seen since the IOP was maintained 
constant by the application of an external pressure.

Prior data have reported the neuroprotective effects 
of forskolin on RGCs when applied in combination with 
neurotrophins. Indeed, addition of forskolin to brain-derived 
neurotrophic factor (BDNF), ciliary derived neurotrophic 
factor (CTNF), and insulin-like growth factor-1 (IGF-I) in 
culture medium promotes RGC survival [19,41]. Similarly, 
when added to a combined treatment with BDNF and CTNF, 
forskolin significantly improves the survival of axotomized 
RGCs in the cat retina [18,42].

We showed in vivo evidence of a dose-dependent neuro-
protective effect of forskolin on RGCs that was independent 
from exogenous neurotrophines. More importantly, for the 
purpose of our study, RGC survival significantly increased 
when homotaurine and L-carnosine were combined with 
forskolin, although these were ineffective when administered 
alone.

Figure 3. Treatment with forskolin/homotaurine/L-carnosine prevents calpain activation following 1 h reperfusion. Immunoblotting shows 
the absence of effect of intravitreal treatment with (A) homotaurine and L-carnosine (Hom+Carn) or (B) forskolin alone on the typical 
increase of calpain-specific 150/145 kDa alfa-spectrin break down products (SBDPs) observed in the ischemic retina after 1 h of reperfusion. 
In contrast, intravitreal treatment with forskolin/homotaurine/L-carnosine association (B) significantly reduced calpain activation induced 
by retina ischemia/reperfusion after 1 h of reperfusion as shown by the reduced intensity of the 150/145 kDa SBDP bands. A representative 
immunoblot from three independent experiments is shown. Histograms show the results (expressed as mean ± SEM of three experiments) 
of the densitometric analysis of the autoradiographic bands relative to 150/145 SBDPs normalized to the value of actin and compared to the 
contralateral eye. (**p<0.01; ANOVA followed by Tukey-Kramer multiple comparisons test; C: control non-ischemic retina; I/R: ischemic 
retina; Hom: homotaurine; Carn: L-carnosine; FSK: forskolin; MW: molecular weight).
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In our experimental setting, the decrease in RGC loss 
observed at 7 days following the insult was preceded by an 
increased activation of calpain during the 1 h of reperfusion. 
Calpains are a superfamily of calcium-dependent cysteine 
proteases whose activation has been associated with neuronal 
degeneration and cell death in different systems including the 
retina [43,44].

Calpains are activated following ocular hypertension 
[44,45] and ischemia-reperfusion [33,46], and their pharma-
cological inhibition reduces cell loss in the ganglion cell layer 
[46,47]. Therefore, the decrease in calpain activity observed 
here following treatment with forskolin/homotaurine/L-
carnosine could be interpreted as a biochemical indicator 
of reduced retinal damage. Furthermore, since activation of 
calpain occurs early during reperfusion [33], we can hypoth-
esize that the neuroprotection afforded by the combined treat-
ment is mediated, at least in part, by events occurring in the 
initial phase of reperfusion.

Although more than one mechanism might account 
for the synergic neuroprotection afforded by the present 
combination of drugs, in the attempt to dissect the path-
ways involved, we observed a significant upregulation of 
the phosphatidylinositol 3-kinase (PI3K)/Akt pathway in 
the retinas treated with the combined drugs. Full activation 
of Akt requires phosphorylation on Ser473 [48] and occurs 
following stimulation of transmembrane receptors by growth 
factors and hormones [49]. This kinase plays a central role 
in multiple cellular processes and exerts prosurvival and 
antiapoptotic effects [50]. We and others have recently 
shown that activation of Akt is an important component of 
the endogenous neuroprotective response of RGCs to retinal 
ischemia [29,51]; treatment with a PI3K inhibitor significantly 
reduced the number of RGCs surviving to the insult [29]. 
Furthermore, it has been shown that activation of the PI3K/
Akt pathway is often induced by substances able to prevent 
RGC death [52,53]. Accordingly, here we suggest that the 
observed increase of Akt phosphorylation is involved in the 
neuroprotection afforded by the tested association of drugs.

Figure 4. Intravitreal treatment with forskolin/homotaurine/L-carnosine increases Akt activation and glycogen synthase kinase-3β (GSK-3β) 
phosphorylation in the retina subjected to ischemia/reperfusion. Intravitreal treatment with the tested association of drugs (100 μM forskolin 
+ 0.058 μM/eye homotaurine + 0.039 μM/eye L-carnosine) significantly enhanced Akt phosphorylation on Ser473 typically reported after 
1 h of reperfusion (A) and induced GSK-3β phosphorylation on Ser9 (B). Histograms show the results of densitometric analysis normalized 
on the loading control from five independent experiments (mean ± SEM; *p<0.05, **p<0.01 versus vehicle; Student’s test; C: control non-
ischemic retina; I/R: ischemic retina; Hom: homotaurine; Carn: L-carnosine; FSK: forskolin; MW: molecular weight).
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GSK-3β is one of the Akt downstream substrates, and its 
activity is inversely correlated to PI3K/Akt pathway activa-
tion [36]. GSK-3β plays a critical role in the promotion of 
apoptosis in neurons [54] and increased kinase activity has 
been associated with neuronal degeneration [55]. However, 
pharmacological inhibition of GSK-3β has been proposed as 
an effective strategy for reducing neuronal death in several in 
vivo and in vitro models of neuronal injuries [56,57].

Increased survival observed in neuronal cultures exposed 
to cAMP elevating agents, including forskolin, has been asso-
ciated with upregulation of GSK-3β phosphorylation [58,59]. 
Therefore, it may be conceivable that in our experimental 
conditions increased phosphorylation of GSK-3β following 
treatment with forskolin/homotaurine/L-carnosine is impli-
cated in the observed neuroprotection.

To explain the reported synergic neuroprotection, we 
can speculate that, in our system, the antioxidant properties 
of homotaurine and L-carnosine [60-62] per se might not 
be sufficient to protect RGCs, though they might buffer the 
burst of oxidative stress that occurs during the initial phase of 
reperfusion [63]. This might in turn generate a more permis-
sive environment for the neuroprotective effects exerted by 
forskolin [64]. One hypothesis that may be considered is that, 
in the presence of homotaurine and L-carnosine, forskolin 
increases the responsiveness of RGCs to endogenous trophic 
molecules, i.e., BDNF and CTNF, that are transiently and 
early upregulated as part of the retinal defense responses 
[65-67]. This mechanism would explain the upregulation of 
Akt phosphorylation observed following the treatment.

It cannot be excluded that the neuroprotection afforded 
by forskolin may unmask or stabilize the neuroprotective 
effect of homotaurine and L-carnosine, which has been 
observed in other models of neurodegeneration [22,27,68,69]. 
We reported consistent neuroprotection following treatment 
with forskolin/homotaurine/L-carnosine, while we observed 
higher variability in the RGC death outcome following treat-
ment with homotaurine combined with L-carnosine (Figure 
2).

In conclusion, we showed that a combined treatment with 
forskolin, homotaurine, and L-carnosine affords neuroprotec-
tion in retinal ischemia. Further experiments are needed to 
clarify the mechanisms responsible for the observed neuro-
protective effect, although our data suggest the involvement 
of the PI3K/Akt/GSK3-β pathway. The data reported in this 
study also suggest that the use of a combination of drugs may 
represent an interesting strategy to be investigated to achieve 
neuroprotection in glaucoma.
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Figure 5. Treatment with a PKA 
inhibitor did not prevent the neuro-
protective effect observed in the 
ischemic retina following treatment 
with forskolin/homotaurine/L-
carnosine. Protein kinase A (PKA) 
inhibitor H89 was given intravit-
really 75 min before ischemia (100 
μM; 15 min before administration 
of the association of drugs). PKA 
inhibition did not revert the neuro-
protection observed following 
treatment with the combination of 
drugs. The histogram shows the 
results of FluoroGold (FG)-labeled 
retinal ganglion cell (RGC) count, 

performed at 7 days following retinal ischemia, expressed as a percentage of RGC loss compared to control non-ischemic retina (C). Results 
are reported as mean ± SEM of three independent experiments (***p<0.001, **p<0.01 versus vehicle-treated ischemic retinas; ANOVA 
followed by Tukey-Kramer multiple comparisons test; C: control non-ischemic retina; I/R: ischemic retina; Hom: homotaurine; Carn: 
L-carnosine; FSK: forskolin).
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