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Abstract: Phenytoin is a non-sedative barbiturate derivate and has been recently rediscovered 

as a neuroprotective and retinoprotective compound in patients affected by optic neuritis sec-

ondary to multiple sclerosis. However, currently there are still no neuroprotective compounds 

registered and available in the clinic. We reviewed the literature supporting the retinoprotec-

tive properties of phenytoin and analyzed the various approaches and definitions from the 

first research periods onwards. The retinoprotective role of phenytoin was already known in 

the 1970s, but only recently has this effect been rediscovered, confirming that it could indeed 

provide structural protection of the retinal cells.
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Introduction
The concept of neuroprotection can be found in the literature from the 1940s onwards 

and it was initially based on clinical endpoints such as the protection against convul-

sions due to anticonvulsants, barbiturates and phenytoin. Since the retinal neurons 

are nerve cells, neuroprotection played an essential role in maintaining retina struc-

tures too. The scientific study of neuroprotection focuses on promising translational 

pharmacological advances related to the preservation of the structure and function 

of photoreceptors. Progress has been made to clarify the underlying mechanisms of 

photoreceptor and ganglion cell degeneration and to identify potential neuroprotec-

tive strategies.

There has been growing interest in the use of antiepileptic drugs (AEDs) for neu-

roprotection along with increasing our understanding of the mechanisms underlying 

brain injury. However, defining the clinical paradigms and selecting appropriate 

outcomes to detect neuroprotective effects presented a plethora of challenges to 

clinicians studying the neuroprotective properties of drugs. Established AEDs, such 

as phenytoin, phenobarbital and carbamazepine, have shown neuroprotective activity 

in an ischemic/hypoxic model of neuronal injury.1

Neuroprotection has also played a pivotal role in maintaining retina structures. 

Along with the neuroprotection, the concept of retinoprotection has also evolved tre-

mendously in recent years. The science of neuroprotection has focused on promising 

translational pharmacological studies related to the preservation of the physiology 

of photoreceptors.2 Progress has been made to clarify the underlying mechanisms of 

photoreceptor and ganglion cell degeneration and to identify potential neuroprotec-

tive strategies.3

Phenytoin is a selective sodium-channel inhibitor used as an anticonvulsant in the 

treatment of epilepsy. It acts as a neuroprotective agent at therapeutic concentrations 

in experimental models.4 It has been documented in animal experiments that pheny-

toin could reduce mortality resulting from anoxia or hypoxia and the major endpoint 
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considered was “survival time.” The protective effects of 

phenytoin have been defined at the cellular, tissue, and organ 

levels, and the mechanism of action of phenytoin is based on 

inhibiting the increase of intracellular sodium. Phenytoin can 

be loaded rapidly to achieve therapeutic serum concentrations 

within days.5 These properties make this compound ideal as 

a potential neuroprotectant because it has been demonstrated 

to have neuroprotective properties in the laboratory and 

animal models, in addition to efficacy in clinical trials. In 

this chapter, we briefly review the scientific background for 

the retinoprotective role of phenytoin in neurodegenerative 

retinal diseases and its potential as a sodium-channel inhibitor 

in the context of these pathologies.

Phenytoin and optic neuritis
We searched PubMed, Medline and the Cochrane Database of 

Systematic Reviews, using the terms “phenytoin” or “sodium 

channels,” “clinical trials” and “neuroprotection.” We found 

several pre-clinical studies, case reports, and randomized 

controlled trials of neuroprotection in patients with acute 

optic neuritis.

The first report dates back to 1972, with a series of 

seven patients affected by ischemic optic neuritis.6 Under 

phenytoin therapy, four of these patients clearly improved, 

whereas the other three did not show any improvement and 

instead developed visual defects in the subsequent years. 

However, ophthalmologists noticed that vision improvement 

in patients undergoing phenytoin therapy might have been 

related to the natural progression of the disease. A controlled 

double-blind study at that time was in progress, even though 

the results of this prospective clinical trial were apparently 

never published.

Even so, in a double-blind study of 15 patients with resid-

ual visual impairment after acute ischemic optic neuropathy, 

neither visual acuity nor visual fields improved during the 

phenytoin treatment.7 To investigate the retinoprotective 

effects of phenytoin on the electroretinogram variations 

secondary to hypoxia, an in vitro rabbit retina preparation 

was conducted. Phenytoin protected the retinal activity 

from the inhibition of oxygen deprivation. This effect was 

dependent on the potassium concentrations in the extracel-

lular compartment.8 Inexplicably, no further studies were 

performed despite the promising results that were initially 

observed in these studies.

Comparable functional read-outs have also been used 

more often to support the claim that phenytoin had a neu-

roprotective effect. In an in vitro anoxic optic nerve model, 

phenytoin showed protective effects, which were measured 

through electrophysiological parameters (recovery of the 

Compound Action Potential) at a concentrations of 1 µM.9 

The recovery was around 60% and the authors pointed out 

that the protective effect occurred at one fifth of the levels 

normally measured in the plasma. This concentration is 

lower than that required to block neuronal sodium channels. 

At that time, glutamate release during ischemia was also 

considered a critical factor in eliciting permanent electrical 

changes caused by a pathological event, and the neuroprotec-

tive effect of agents interfering with glutamate release were 

examined in experimental ischemia models. The study by 

Calabresi et al10 investigated the possible role of ionotropic 

glutamate receptors and in particular AMPA-like recep-

tors in the expression of irreversible electrophysiological 

changes induced by in vitro ischemia, in addition to whether 

the neuroprotective action of various neurotransmitter 

agonists were related to a presynaptic inhibitory action at 

glutamatergic synapses. The authors determined that AMPA-

like receptors played a role in the irreversible loss of field 

potential amplitude induced by ischemia in the striatum 

and they suggested that agents that reduce glutamatergic 

corticostriatal transmission, might have a neuroprotective 

effect. However, their efficacy did not seem to be directly 

related to their capability to decrease glutamate release from 

corticostriatal terminals. An additional modulatory effect on 

voltage-dependent conductances and on ischemia-induced 

ion distribution at the postsynaptic site was also hypothesized 

to play a crucial role.

While the protective effect of orally administered pheny-

toin on the optic nerve was described by Lo et al in a model of 

allergic encephalomyelitis, the main structural endpoint con-

sidered was the loss of optic nerve axons.11 The plasma levels 

of phenytoin were brought into the therapeutic range. There 

was a significant sparing effect: phenytoin reduced the loss of 

optic nerve axons from 49% to 12%, while significantly reduc-

ing the paralysis. The authors concluded that the treatment 

with phenytoin had a robust protective effect in experimental 

allergic encephalomyelitis mice, preserving most axons.

In 2002 Thakral et al12 reported an isolated case of 

phenytoin-induced toxicity in a young patient affected 

by cryptogenic simple partial and secondary generalized 

epilepsy. Visual dysfunction was evidenced through flash 

visually evoked potentials and an electroretinogram, which 

was partially recovered by reduced serum levels of phenytoin. 

However clear toxicity-induced phenytoin-related polyneu-

ropathies are extremely rare, and they are always related to 

high doses or high plasma levels of phenytoin, that primarily 

develop over many years of therapy.13
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The proof of the concept for neuroprotection and retino-

protection in the clinic emerged in 2016 in the paper by 

Raftopoulos et al.14

Acute optic neuritis (AON) is a common complica-

tion of multiple sclerosis (MS), and the attacks can lead to 

persistent visual impairment through neuroaxonal damage 

in the retina and optic nerve. Corticosteroids usually has-

ten recovery, but they do not improve the final outcome. 

Therefore, to prevent residual disability from relapses, the 

authors sought a neuroprotective approach. They conducted 

a randomized clinical trial (RCT), enrolling 86 people with 

AON, who were randomized within 2 weeks of symptom 

onset to receive either phenytoin or placebo for 3 months. 

The primary endpoint was a structural one: retinal nerve fiber 

layer (RNFL) thickness using optical coherence tomography 

(OCT) at baseline and at 6 months. However, the researchers 

pointed out that using the RNFL in the unaffected control 

eye at baseline for comparison “is prone to error” and in 

future trials, the use of optical coherence tomography (OCT) 

segmentation methods would be recommended to avoid 

this problem. They also suggested that measuring ganglion 

cells plus inner plexiform layer thickness as an estimate of 

ganglion neuronal integrity might be a better alternative 

to RNFL thickness because it does not swell during acute 

optic neuritis. Treatment with phenytoin led to a significant 

(30%) reduction in the extent of RNFL loss compared to a 

placebo. The authors concluded that their findings suggested 

that phenytoin exerts a neuroprotective effect in patients with 

AON, at concentrations that selectively block voltage-gated 

sodium channels.

Phenytoin and glaucoma
Glaucoma is characterized by progressive, irreversible dam-

age to the optic nerve, resulting in serious vision loss and 

blindness. At present intraocular pressure (IOP) is consid-

ered the most important modifiable risk factor for glaucoma 

onset and progression. Reduction of IOP has been repeatedly 

demonstrated to be an effective intervention in glaucoma 

patients, regardless of subtype or disease stage.15 However, 

the direct link between a specific pharmaceutical product to 

lower IOP and the prevention or delay of visual field pro-

gression has not been established nor are these medications 

specifically approved for such a functional outcome. Even 

though all approved treatments for glaucoma involve IOP 

reduction, patients frequently continue to progress despite 

treatment. Therefore, developing treatments that preserved 

visual function through mechanisms other than lowering IOP 

are thought to be beneficial.

During the 1970s, preliminary results revealed the 

protective effects of phenytoin on retinal degeneration in 

glaucoma.16 The beneficial effects of phenytoin on glaucoma-

tous field loss was reported in a cohort of 17 patients who 

were administered with phenytoin for a 2-month period. In 

11 of these patients the field loss could be stopped or even 

partly reversed.

Based on the protective effects of phenytoin on glau-

comatous visual fields from that period, experimental oph-

thalmologists further explored the neuroprotective effects of 

phenytoin in an optic nerve crush model. Here the vascula-

ture remained intact. Ten animals received a single dose of 

phenytoin (100 mg/kg–1 body weight), and ten animals were 

intraperitoneally injected with the vehicle alone 10 minutes 

prior to the crush injury.17 To ascertain the neuroprotective 

effect, retinal ganglion cell survival was considered the pri-

mary endpoint. In these experiments, the ganglion cell sur-

vival with and without phenytoin gave the following results: 

optic nerve crush: 24.0±4.0 retinal ganglion cells per high 

power field. In the crush injury, phenytoin treatment resulted 

in a larger number of surviving cells: 50.7±7.3 (P0.001). 

The results for this injury paradigm showed that phenytoin 

acts as a neuroprotective agent. Secondary endpoints were 

based on glutamate provocation, supporting this hypothesis 

for the mechanism of the action of phenytoin. The compound 

significantly (P0.01) inhibited the increase in intracellular 

calcium concentrations after the administration of glutamate. 

Thus, phenytoin clearly counteracts excitotoxic damage.

Subsequently, the evidence supporting the potential 

retinoprotective and neuroprotective effects of phenytoin 

encouraged Hains and Waxman18 from the Department of 

Neurology and Center for Neuroscience and Regeneration 

Research (Yale University School of Medicine, USA) to 

examine the effects of phenytoin administration in a model 

for glaucoma. They also chose structural endpoints, and 

found that phenytoin exerted a neuroprotective effect on 

retinal ganglion cell (RGC) density, reducing the loss of 

axons within the optic nerve.

Structural endpoints for 
retinoprotection
Because there is consistent evidence in the literature for 

neuroprotection and retinoprotection as outcome endpoints, 

we recommend focusing on structural features as primary 

surrogate endpoints. Moreover, the sensitivity of clinical 

endpoints is poorer compared to structural endpoints, and 

we might discard valuable retinoprotective drugs if we focus 

solely on clinical endpoints. Structural endpoints (such as the 
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thickness of the RNFL and OCT segmentations methods used 

to estimate the ganglion neuronal integrity) might be con-

sidered for broad testing, in addition to exploring phenytoin 

as a retinoprotective drug for use in patients diagnosed with 

glaucoma and optic neuritis. The authors’ research supports 

the retinoprotective effects of phenytoin, and they associate 

the use of phenytoin with a significant reduction in the loss 

of RNFL thickness and macular volume after acute optic 

neuritis. This emphasizes phenytoin’s protective effects in 

ganglion cells, their axons, and the optic nerve.14 Although 

the results of this study are a major advancement and are 

undeniably encouraging, future studies need to include 

more frequent OCT sampling, as well as more detailed OCT 

segmentation-derived retinal measures. At the average con-

centrations achieved in this trial, phenytoin was an almost 

pure activity-dependent inhibitor of voltage-gated sodium 

channels in an episode of inflammatory demyelination. It 

might be conceivable that other sodium channel inhibitors 

could play a role in neuroprotection in patients with acute 

optic neuritis and in other types of relapse in neurodegenera-

tive disease. This is supported by the similarities between 

acute optic neuritis and other types of relapse.19

Future studies should more precisely establish the optimal 

therapeutic window for neuroprotection during relapse. What 

happens in the eye seems to mirror what occurs in the rest of 

the brain. Thus, this approach could potentially be used to 

not only treat pathologies, but any flare-ups associated with 

these diseases. It is reasonable to consider neuroprotective 

drugs, such as phenytoin, complementary therapies to the 

existing immunomodulating treatments and potential remy-

elination approaches.

Future directions
The evidence presented in this review suggests that there is a 

protective role of phenytoin in optic neuritis and other cases 

of relapses for MS. The eye is the most accessible part of 

the human nervous system, and optic neuritis in MS patients 

is considered an ideal target to verify the efficacy of neuro-

protective treatments.20,21 The hypothesis that neuronal death 

caused by ischemia involves an excitotoxic mechanism is not 

in opposition with the findings that the neuroprotective effect 

of neurotransmitter receptor agonists does not correlate with 

the reduction of glutamate release.22,23 In fact, it is possible 

that although some of the agents do not directly affect the glu-

tamate release, they may modulate some events secondarily 

induced by glutamate receptor stimulation at the postsynaptic 

level, such as the activation of voltage-dependent inward con-

ductances. It is also possible that some neuroprotective agents 

exert pharmacological effects during ischemia by modulating 

calcium-independent glutamate release. This neurotransmit-

ter release pathology seems to be important during ischemia, 

and it may occur via different mechanisms. The protection 

exerted by phenytoin on ganglion cells and their axons (where 

ganglion cells compose 34% of the total macular volume) is 

reliable evidence of these mechanisms. Furthermore, some 

microglial responses are mediated via Na+ channel activity. 

Therefore, the blockade of sodium channels could result 

in neuroprotective effects on the immune and nonimmune 

molecular pathways that may drive progressive nerve loss in 

MS.24 The partial inhibition of voltage-gated sodium channels 

during an episode of optic nerve inflammatory demyelina-

tion also prompted us to consider the protective roles of this 

compound. However, the beneficial effects of treatment on 

structural outcomes did not correlate very well with visual 

outcomes or visual-evoked potentials (VEP), according to 

the study by Raftopoulos et al.14 It might be that phenytoin 

protects neurons and their axons, while the functionality of 

these cells is irreversible. Phase III trials would be warranted 

to determine whether significantly improved clinical out-

comes can be achieved. The use of sodium channel inhibitors 

with greater potency and specificity than phenytoin, along 

with testing higher drug concentrations through a similar 

mechanism of action, could be of great interest in elucidat-

ing the potential clinical utility of these compounds. An 

earlier treatment window during relapse than that assessed 

in previous studies might be considered. On the other hand, 

treatment with phenytoin was generally well-tolerated, and 

it was not associated with abnormalities in blood counts or 

liver function. In the studies reported, no acute deterioration 

of vision that might be attributed to the conduction block 

from the inhibition of sodium currents was observed. Since 

it was previously supposed that rebound deterioration upon 

the withdrawal of treatment could potentially limit the use 

of drugs acting on this target in demyelinating disorders, it 

was also important that this condition was not reported in 

the most recent trials. It is conceivable that other sodium-

channel inhibitors could also be neuroprotective in patients 

with acute optic neuritis and in other types of relapse in MS. 

This form of neuroprotection should improve relapse recov-

ery in general, because the pathophysiology of optic neuritis 

resembles that of other cases of relapse in MS patients. This 

might represent a new foundation for combination studies 

in which phenytoin could be added to currently available 

disease-modifying therapies. In complex disorders leading 

to retinopathy, retinoprotection might have a greater thera-

peutic effect if phenytoin is combined with other compounds 
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that display a comparable effect, but that act via an entirely 

different mechanism (such as palmitoylethanolamide).25 

Palmitoylethanolamide has been used as an adjunct for 

cytoprotection in many different disorders characterized by 

slow inflammation. This strategy could be a means to further 

improve the effect of anti-inflammatory therapies on the 

preservation of retinal nerve cells and long-term outcomes 

for treating relapses in patients affected by demyelinating 

pathologies, such as MS.
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