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Aim of this retrospective study was to estimate the effect of oral supplementation with amino acids (AA) on corneal nerves regrowth after excimer laser refractive surgery with photorefractive keratectomy (PRK). Based on the pre and post-surgical treatment received, 40 patients with 12 months of follow-up were distributed in two groups: 20 patients had received oral AA supplementation 7 days before and 30 days after PRK, and 20 patients without AA supplementation, as untreated reference control. All patients followed the same standard post-operative topical therapy consisting of an association of antibiotic and steroid plus sodium hyaluronate during the first week, then steroid alone progressively decreasing during 30 days and sodium hyaluronate for the following 3 months. In vivo corneal confocal microscopy was used to evaluate the presence of sub-basal corneal nerve fibers during 12 months after PRK. Results have shown that sub-basal nerves regenerated significantly faster (p <0.05), and nerve fibers density was significantly higher (p <0.05) with a more regular pattern in the eyes of AA treated patients with respect to the untreated control group. Therefore, our data indicate that oral supplementation with AA improved significantly corneal nerve restoration after PRK and could thus be considered as an additional treatment during corneal surgical procedures.
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INTRODUCTION
Photorefractive keratectomy (PRK) is a common excimer laser procedure still widely used to correct refractive errors. PRK is a surface ablation procedure, in which the corneal epithelium is removed to permit the laser to reshape the anterior corneal stroma. The depth of ablation varies in relation to the refractive error, therefore different amounts of the sub-basal nerve plexus (SBNP) fibers are injured in relation to the ablation zone (Erie, 2003; Tomás-Juan et al., 2015; Labetoulle et al., 2019). While the epithelium heals within 3–5 days (Erie, 2003), the complete regeneration of the SBNP nerves occurs during several months (Erie, 2003). The interruption of the nerve reflex between the cornea and the lacrimal glands interferes with normal lacrimation, so that the ocular surface may be altered by insufficient moistening, thus triggering eye dryness and patient’s discomfort (Labetoulle et al., 2019). Additionally, the surgical procedure activates inflammation and keratocytes transformation to fibroblasts and myofibroblasts that produce normally absent type IV collagen and disorganized extracellular matrix, that together to the abnormal arrangement pattern of collagen type I and III results clinically in corneal haze (Tomás-Juan et al., 2015). Therefore, it is critical that wound repair (involving epithelium, stroma and nerve fibers) occurs reasonably fast and definitely well, to reduce patient’s discomfort and promote corneal healing thus allowing a fast and good recovery of vision.
Cell metabolism is tightly dependent on the availability of aminoacids (AA), which are necessary to build new macromolecules used in cell and extracellular matrix architecture. Moreover, AA may also have different functions, specifically linked to their molecular structure and interaction with cell regulatory mechanisms (Rusciano et al., 2016). The process of wound healing poses a serious challenge to cell metabolism, and in case of AA deficiency the whole process could be hampered, also impairing the immune defense, and finally exposing the tissue to an increased risk of infection (Herndon and Tompkins, 2004; Chandrasekaran et al., 2017). Some AAs are known to facilitate the process of wound healing (Stechmiller, 2010). Arginine triggers nitric oxide (NO) synthesis, thus stimulating collagen synthesis, antimicrobial activity, and blood flow (Alexander and Supp, 2014). Glutamine is an energy source and induces the expression of heat shock proteins, thus protecting the tissue from inflammation damage (Chow and Barbul, 2014). Leucine is normally metabolized into hydroxy-methylbutyrate (HMB), an active molecule blunting proteolysis, stimulating protein synthesis, decreasing apoptosis and increasing cell proliferation (Sipahi et al., 2013). An experimental model system evaluated wound healing in a skin full-thickness excisional model in rats receiving diets with a different content of essential AA. Results have shown that wound repair was accelerated, and inflammation reduced, in rats fed with an increased amount of essential AA (Corsetti et al., 2017). Oral AA supplementation has shown to help wound recovery in refractory patients after PRK (Vinciguerra et al., 2002) or cataract (Torres Munoz et al., 2003) surgery. Treatment with topical AA given as eye drops resulted in a better improvement of signs and symptoms in patients affected by dry eye (Sacchetti et al., 2012; Aragona et al., 2013).
Based on these premises, in this preliminary study we aimed to evaluate the regeneration of the sub-basal corneal nerve fibers in patients treated with standard post-surgical therapy who received an additional treatment with oral AA.
MATERIALS AND METHODS
This retrospective study included clinical and instrumental data from 40 eyes of 40 patients selected among those who were treated with PRK for myopia or composed myopic astigmatism and completed a follow-up of at least 12 months. Subjects were chosen from the database of the Cornea and Refractive Surgery section of Messina University Hospital Ophthalmology Unit. Inclusion criteria were: age between 20 and 40 years; spherical equivalent between −2.75 and −7 diopters with ablation depth between 45 and 100 microns; available follow up of 12 months. Among these subjects, all suitable for PRK, 20 were chosen who had received AA supplementation when the specific product was available, and 20 (as control reference group) who did not receive AA because treated in a previous period when the food supplement was not available.
The PRK surgical procedure followed the same protocol for all patients. Oxybuprocaine hydrochloride anesthetic drops (Novesina, Thea Farma, Italy) were instilled before the surgical treatment, and the epithelium was removed with a blunt spatula in an area of 9 mm diameter, after 20% alcohol delamination for 20 s. PRK was performed with a Mel-70 G-Scan excimer laser (Carl Zeiss, Jena, Germany) provided with flying spot with gaussian profile with a diameter of 1.8 mm. The ablation zone was 7 mm with 1.8 mm of transition. After treatment, a soft therapeutic contact lens was applied for 5 days and removed when the epithelium healed.
All patients followed the same standard post-operative therapy used in our center, consisting for the first 5 days of eye drops with dexamethasone 0.1% and tobramycin 0.3% (Tobradex, Alcon, Italy) one drop four q.i.d. plus sodium hyaluronate (Blu Yal, Sooft Italia) one drop four q.i.d. for 6 days until healing of the epithelium; then fluorometholone 0.2% unit dose eye drops (Flumetol, Thea Farma, Italy) one drop for 4 times q.i.d. for 10 days, then 3 times daily for 20 days and twice daily for 10 days plus sodium hyaluronate (Blu Yal, Sooft Italia) one drop four q.i.d. for the following 2 months.
The oral supplementation treatment with AA consisted of one tablet containing an AA mix (Aminoftal® Sooft Italia SpA: Table 1) three times daily for 7 days before and 30 days after PRK surgery. The files of all subjects in the treatment group reported completion of the prescribed AA administration, with no one complaining of disturbs, intolerance or adverse effects related to the AA supplementation received.
TABLE 1 | L-aminoacid content per tablet (* denotes an essential AA).
[image: Table 1]To assess their eligibility for the PRK procedure all patients were subjected to a complete ophthalmological examination with visual acuity (VA) assessment, refraction, slit lamp evaluation, tonometry and fundus. The instrumental evaluation comprised corneal topography, tomography, corneal thickness, Schirmer test, TBUT and in vivo corneal confocal microscopy (IVCM). VA, refraction, corneal topography, pachymetry and IVCM were reassessed at 1–3–6 and 12 months after PRK.
IVCM was performed with the Confoscan 4 (Nidek Technologies, Vigonza, Italy), equipped with the Z-Ring to provide central image acquisition. The presence of nerve fibers of SBNP was detected at each time point and three fields for each eye were examined by the same experienced operator on 0.159 mm2 frames. Sub-basal nerve plexus (SBNP) fibers were analyzed by the ImageJ/Neuron-J plug in (National Institute of Health, Bethesda, United States), a semiautomated software for nerve tracing and analysis showing a high interobserver repeatability (Cottrell et al., 2014; Dehghani et al., 2014).
The nerve fibers density (NFD) was calculated in μm/mm2 and an average value was considered for calculations.
The number of subjects enrolled in the present study (n = 40: 20 controls and 20 AA-treated) was based on statistical power calculation made with G Power software version 3.1 setting the power to 0.80, α to 0.05 and considering a large effect size (on the basis of previous studies, showing how slow is nerve regeneration after PRK (Erie, 2003). Statistical analysis was performed with Graph Pad Prism (version 8). Fisher’s exact test was used for non-parametric data (presence of nerve fibers), whereas unpaired Student’s T-test was used to analyze the parametric data normally distributed (age, refractive error, ablation depth, NFD).
The study was approved by the Ethical Committee of the University Hospital of Messina (N. 65/18).
RESULTS
The demographic characteristics of patients included in this study are represented in Table 2. Both groups were homogeneous for sex, age, refractive error and depth of ablation (p > 0.05). Their spherical equivalent refraction was comprised between −5 and −6 diopters, and the mean ablation depth was 68.71 ± 19.7 mm in the AA group and 67.25 ± 21.5 mm in the control group (Table 2).
TABLE 2 | Characteristics of enrolled patients.
[image: Table 2]Figure 1 shows the percentage of eyes in which nerve fibers could be detected in selected confocal microscopy fields. After one-month, nerve fibers were present in 98% of eyes in the AA group and 58% in the control group (p <0.001). A significant difference in the amount of SBNP fibers was still present at 3 months (100 vs 67% p < 0.001), whereas at 6 and 12 months in all eyes SBNP fibers could be detected. These results indicate that corneal nerve regeneration is significantly faster in patients who received oral AA supplementation than in the control group not treated with AA.
[image: Figure 1]FIGURE 1 | Presence of nerve fibers during follow-up. Evaluation of the number of fields (3 fields/patient) presenting nerve fibers at the indicated time points. At 1 and 3 months corneal nerve regeneration resulted to be significantly faster in patients treated with AA than in the control group (***p < 0.001 by Fisher’s exact test).
Figure 2 shows SBNP nerve fibers density (NFD) calculated on confocal images in both groups during the follow-up between 1 month and 1 year. It is evident that NFD increased faster in patients treated with AA than in the control group. In fact, at each time point after PRK, the NFD was significantly higher in the eyes of AA treated patients than in control eyes (p < 0.001 at 1 month; p < 0.01 at 3 months; p < 0.05 at 6 and 12 months).
[image: Figure 2]FIGURE 2 | Nerve Fibers Density (μm/mm2) during follow-up. Nerve regeneration resulted to be significantly faster in patients treated with AA than in the control group (*p <0.05; **p <0.01; ***p < 0.001 by Student’s t-test).
Figure 3 shows the evolution as seen at confocal microscopy of SBNP fibers repopulation in the subepithelial anterior corneal stroma after PRK at progressive times up until one year. Figures 3A,B illustrate the normal sub basal nerve fibers pattern with a regular almost parallel path at baseline evaluation, just before ablation. Pictures on the left column (Figures 3C–E) are representative of untreated control patients: Pictures on the right column (Figures 3D–F) are representative of AA-treated patients. Figures 3C,D illustrates the appearance of subepithelial corneal stroma at 4 weeks after the intervention in subjects treated with oral aminoacids (D) or untreated controls (C). Some short and bundled nerve fibers start to be apparent in AA-treated patients among activated, hyper-reflective stromal cells, while no such evidence is present in control pictures, showing only the activated stromal cells. The situation at 3 months after PRK is shown in Figures 3E,F: an increasing number of sub-basal nerve plexus fibers is evident in AA-treated patients (F), while in controls nerve fibers start to make their appearance (E). At 6 months (Figures 3G,H) all eyes show the presence of growing nerve fibers, however with a higher density in the eyes of patients coming from AA (H) treatment group with respect to controls (G). A similar finding is still visible after 12 months from the intervention (Figures 3I–L), with confocal pictures of eyes of patients treated with AA (L) showing a higher density of nerve fibers, with a more regular pattern, while in control eyes nerve fibers continue to show an irregular pattern, among still highly hyperreflective stromal cells (I).
[image: Figure 3]FIGURE 3 | Representative confocal images taken where the SBNP fibers best appear on focus. (A): image taken from a control patient before PRK; (B): image taken from an AA-treated patient before PRK. Both pictures show the normal path of SBNP fibers, which appear with a regular, almost parallel pattern. Representative confocal images of SBNP nerve fibers were taken at different times after PRK of the control patient (left column: treated for −3.50 D of SE with ablation of 67 microns) and of the AA-treated patient (right column: treated for −4.50 D of SE with ablation of 70 microns). After 1 month from PRK there is an initial presence of nerve fibers (among activated, hyper-reflective stromal cells) in the AA group (D), while in the control group (C) no nerves or sporadic fibers could be detected. After 3 months from PRK an increased number of SBNP fibers is apparent in the AA group (F), while in the control group (E) some nerve fibers start to be detectable. After 6 months from PRK all examined eyes exhibit SBNP fibers, but the density is significantly higher in the AA group (H) than in control eyes (G). After 12 months from PRK the nerve fiber density is higher in the AA group, also showing a more regular linear pattern (L) than in control eyes of patients not treated with AA (I). White arrows indicate growing fibers; asterisks indicate activated, hyper-reflective stromal cells.
DISCUSSION
The results of this confocal-based retrospective study address for the first time the basic role of AA supplementation on corneal peripheral nerve regeneration after PRK. Our data show that a diet enriched in essential AA may enhance the regeneration of SBNP fibers lesioned by the PRK intervention, so that their density and pathway through the regenerating stroma is improved, and healing is achieved in shorter times with respect to patients in which the AA supplement was not given.
With 16,000 nerve terminations/mm3, the cornea is the most densely innervated tissue of the human body (Guthoff et al., 2005). Therefore, PRK ablation, destroying SBNP fibers in the central cornea, makes the procedure very painful, since the remaining nerve endings after laser ablation are exposed at the surface until the epithelium regenerates and covers the surgical wound (Mohan et al., 2003). While epithelium regrowth occurs within few days (Olivieri et al., 2018), stromal remodeling and nerve regeneration are much slower events (Tomás-Juan et al., 2015). Even though new nerve fibers may appear from the ablation area within the first weeks, only half reinnervation is completed at 6 months, returning to pre-operative density only after 2 years (Erie et al., 2005). Such prolonged corneal nerve density reduction may lead to ocular surface discomfort and dry eye disease with different severity grade (Dohlman et al., 2016). Occasionally, more severe consequences may happen, such as hypoesthesia, neurotrophic ulcers, or chronic inflammation (Chao et al., 2014). Aberrant reinnervation may also occur and lead to allodynia or keratoneuralgia (Hamrah et al., 2017). Therefore, the timing and the quality of reinnervation after PRK are critical, so to rescue the correct corneal physiological behavior of the ocular surface functional unit (Stern et al., 2004). Keratocyte repopulation and healing of the ablated corneal stroma supply growth factors and biological cues guiding the correct regeneration of lesioned nerve endings. In fact, further to stromal ablation, the surviving keratocytes in corneal stroma are activated to stromal fibroblasts (SFs), which secrete neurotrophic and inflammatory factors regulating neurogenesis and wound healing (Yam et al., 2017). The regenerating corneal epithelium is also a source of neurotrophic growth factors, such as NGF and GDNF, also contributing towards nerve regrowth (Di et al., 2017).
Several different topical treatments with eye drops have been tried to improve corneal nerve regeneration after keratectomy. Murine NGF purified from the submaxillary gland was used in a corneal flap rabbit model of LASIK and shown to accelerate the recovery of corneal sensitivity as measured by esthesiometry (Joo et al., 2004) and promote nerve regeneration as visualized by confocal microscopy (Ma et al., 2014). With the same rabbit model, a bioactive N-terminal peptide derived from the pituitary adenylate cyclase–activating polypeptide (PACAP27) has been shown to be able to promote neurite outgrowth as followed by histological analysis (Fukiage et al., 2007). Topical applications of PEDF in association with DHA also improved the recovery of sensitivity in rabbit corneas subjected to PRK (Cortina et al., 2012). In rodent models of corneal epithelial debridement, topical administration as eye drops of vitamin B12 and taurine, together with sodium hyaluronate, enhanced both re-epithelization and re-innervation (Romano et al., 2014). Finally, Ginkgo Biloba/hyaluronic acid (GB/HA) eye drops were given to a group of 15 patients (30 eyes) after PRK surgery and compared to hyaluronic acid alone. Confocal microscopy analysis performed at 1–3–6–9–12 months showed a clear advantage in both quantitative and qualitative effects in the GB/HA group (Bisantis, 2006). More recently, systemic administration of a secondary metabolite (epothilone B) produced by the mycobacterium Sorangium cellulosum, which is a microtubule stabilizing agent, has been found to lead to a favorable pharmacodynamics in the cornea and corneal nerves, and to speed up corneal reinnervation after epithelial debridement in mice (Wang et al., 2018).
However, whichever treatment is given to stimulate nerve regeneration, the necessary requirement in all instances is that enough “building” material is available to nerve cells and their neighboring cells to elongate their nerve endings in a permissive environment, in which stromal cells produce an extracellular matrix (ECM) favoring the whole process (Gonzalez-Perez et al., 2013). In fact, all these activities require new protein (structural and enzymatic) synthesis to allow and speed up the series of events leading to the restoration of the perturbed homeostasis of the tissue. This is also evident in our study, in which the relative amount of activated (hyper-reflective) stromal cells remains higher in control patients than in AA-treated patients (Figure 3), especially visible after 12 months (Figures 3I–L).
The availability of AA, and more specifically of the essential AA, those that must be taken through the diet, can be a limiting step in this process. Like what happens with muscle exercise, where mechanical stimulation results more effective in inducing growth of the muscle fibers in presence of an increased concentration of essential AA in blood (Church et al., 2020), also for nerve regeneration a similar situation may occur. This has been clearly shown in the goldfish model of retinal ganglion cells regeneration, in which transected ganglion cells demonstrate a marked increase in protein biosynthesis as their axons regrow into a primary target tissue (Giulian, 1984) and in which extracellular amino acids strongly contribute to the composition of the immediate precursor pool for protein synthesis in regenerating cells (Whitnall and Grafstein, 1981). A recent review on the effects of nutrition-related factors on peripheral nerve injuries highlighted the role of omega fatty acids, vitamins, antioxidants and proteins rich in essential AA in preserving nerve function and health, and in the recovery of injured tissue (Yildiran et al., 2020). In this respect, the bioavailability of free AA taken as food supplement is expected to be higher than that deriving from the metabolism of ingested food proteins, that require a complex enzymatic pathway and absorption process, and depends on the particular diet habits of the subject (Schmidt et al., 2016).
Moreover, AA may also have other functions beside the building of proteins, such as antioxidants or participate in the chain of neurotransmission. For instance, in a rat model of facial nerve crush injury systemic administration of n‐acetylcysteine (a potent antioxidant) favored nerve recovery as shown by improved functional and electromyography outcomes (Rivera et al., 2017). AA can be utilized to synthesize both lipids and glucose. Increased intake of essential AA may increase laboratory animals’ lifespan through the activation of Sirt-1 dependent mitochondrial biogenesis (D’Antona et al., 2010). Clinical studies in humans have addressed the role of essential AA in enhancing protein synthesis independently from age, and improving muscle catabolism in the elderly during prolonged bed rest (Cuthbertson et al., 2005; Ferrando et al., 2010). Finally, a metanalysis of clinical studies on patients with painful peripheral neuropathy showed that a food supplement of acetyl-L-carnitine (a precursor of neurotransmitters derived from the AA lysine and methionine) exerted several beneficial effects on nerve conduction parameters and nerve fiber regeneration, generally improving patients’ condition (Di Stefano et al., 2019). All these effects may have both a direct and an indirect relevance because the healing of a tissue or an organ in the body depends on the state of the tissue or the organ by itself, but also from the general health condition of the body in which it resides. Therefore, since an adequate intake of essential AA can also improve the general health condition of the patient, this effect can reverberate on the healing properties of different organs, eye included (Pache and Flammer, 2006). Consistent with these premises, our results show that the intake of supplemental AA has a higher impact during the first 3 months, improving the initial stages of SBNP repopulation: in fact, a faster and wider repopulation of SBNP fibers is evident at 1 and 3 months in AA-treated subjects (Figure 1), while the statistical significance of NFD comparative data between treated and untreated patients becomes progressively lower at 6 and 12 months, however still pointing at some advantage for AA treated subjects (Figure 2). A similar treatment with the same AA food supplement was already reported in a previous study (Vinciguerra et al., 2002), in which patients with chronic epithelial defects, or with delayed re-epithelization times after PRK showed an improved healing response after oral AA treatment. Similarly, supplementation with the same AA mixture improved corneal stromal regeneration after cataract surgery (Torres Munoz et al., 2003). This finding is relevant also in our study, because keratocyte and stromal healing is critical for correct nerve growth (Gonzalez-Perez et al., 2013), thus suggesting that AA may contribute both a direct (on nerve cells themselves) and an indirect (through keratocytes and the stroma) effect on SBNP restoration.
A limitation of these observations is the small number of patients under scrutiny; to be a retrospective study (therefore, no clinical data on eye dryness were available, and no pharmacokinetics could be programmed) conducted in a single center; and to be the first of its kind. Nonetheless, data obtained are very promising, and grant a prosecution of the study, in a prospective way and on a higher number of patients.
CONCLUSION
In this study we have clearly shown throughout 12 months of confocal microscopy observations that SBNP fibers lesioned during PRK grow faster and better when patients take a supplement of essential AA. Data presented in this study corroborate the function of exogenous AA in corneal nerve regeneration, in line with previous studies showing the role of supplemental AA given either as food supplement (Vinciguerra et al., 2002; Torres Munoz et al., 2003) or as topical eye drops (Sacchetti et al., 2012; Aragona et al., 2013) in the healing of the cornea and corneal nerves after surgical interventions or during the course of dry eye. It is likely that the effect of AA supplementation by improving both epithelial and stromal healing, and by providing a favorable growth milieu to regenerating nerve cells, finally results in a faster and better reinnervation of the lesioned cornea, most evident during the first 3 months post-surgery.
In conclusion, our results support the use of food supplements enriched with essential AA, or at least a diet rich in AA content, before and after PRK surgery, or in case of any surgical intervention that involves tissue and nerve regeneration.
DATA AVAILABILITY STATEMENT
The data analyzed in this study is subject to the following licenses/restrictions: Data on file at the Ophthalmology Dpt. Of the University of Messina (Italy). Requests to access these datasets should be directed to anna.roszkowska@unime.it
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethical Committee of the University Hospital of Messina (N. 65/18). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
Conceptualization, AR, PA.; methodology, AR, PA.; software, AR, LI, and AS; validation, AR, LI, AS, and PA; formal analysis, AR, LI; investigation, AR, LI, and AS; resources, AR, PA; data curation, AR; writing original draft preparation, AR, DR; writing review and editing, AR, DR; supervision, AR, PA.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alexander, J. W., and Supp, D. M. (2014). Role of Arginine and Omega-3 Fatty Acids in Wound Healing and Infection. Adv. Wound Care 3, 682–690. doi:10.1089/wound.2013.0469 
 Aragona, P., Rania, L., Roszkowska, A. M., Spinella, R., Postorino, E., Puzzolo, D., et al. (2013). Effects of Amino Acids Enriched Tears Substitutes on the Cornea of Patients with Dysfunctional Tear Syndrome. Acta Ophthalmol. 91 (6), e437–e444. doi:10.1111/aos.12134 
 Bisantis, F. (2006). Effects of Ginkgo Biloba on Corneal Subepithelial Nerves Regeneration after PRK: A Confocal Microscopy Study. One-Year Results. London: XXIX Congress of the ESCRS.
 Chandrasekaran, P., Saravanan, N., Bethunaickan, R., and Tripathy, S. (2017). Malnutrition: Modulator of Immune Responses in Tuberculosis. Front. Immunol. 8. doi:10.3389/fimmu.2017.01316 
 Chao, C., Golebiowski, B., and Stapleton, F. (2014). The Role of Corneal Innervation in LASIK-Induced Neuropathic Dry Eye. Ocul. Surf. 12 (1), 32–45. doi:10.1016/j.jtos.2013.09.001 
 Chow, O., and Barbul, A. (2014). Immunonutrition: Role in Wound Healing and Tissue Regeneration. Adv. Wound Care 3, 46–53. doi:10.1089/wound.2012.0415 
 Church, D. D., Hirsch, K. R., Park, S., Kim, I.-Y., Gwin, J. A., Pasiakos, S. M., et al. (2020). Essential Amino Acids and Protein Synthesis: Insights into Maximizing the Muscle and Whole-Body Response to Feeding. Nutrients 12 (12), 3717. doi:10.3390/nu12123717 
 Corsetti, G., Romano, C., Pasini, E., Marzetti, E., Calvani, R., Picca, A., et al. (2017). Diet Enrichment with a Specific Essential Free Amino Acid Mixture Improves Healing of Undressed Wounds in Aged Rats. Exp. Gerontol. 96, 138–145. doi:10.1016/j.exger.2017.06.020 
 Cortina, M. S., He, J., Li, N., Bazan, N. G., and Bazan, H. E. P. (2012). Recovery of Corneal Sensitivity, Calcitonin Gene-Related Peptide-Positive Nerves, and Increased Wound Healing Induced by Pigment Epithelial-Derived Factor Plus Docosahexaenoic Acid after Experimental Surgery. Arch. Ophthalmol. 130 (1), 76–83. doi:10.1001/archophthalmol.2011.287 
 Cottrell, P., Ahmed, S., James, C., Hodson, J., McDonnell, P. J., Rauz, S., et al. (2014). Neuron J Is a Rapid and Reliable Open Source Tool for Evaluating Corneal Nerve Density in Herpes Simplex Keratitis. Invest. Ophthalmol. Vis. Sci. 55, 7312–7320. doi:10.1167/iovs.14-15140 
 Cuthbertson, D., Smith, K., Babraj, J., Leese, G., Waddell, T., Atherton, P., et al. (2005). Anabolic Signaling Deficits Underlie Amino Acid Resistance of Wasting, Aging Muscle. FASEB j. 19 (3), 1–22. doi:10.1096/fj.04-2640fje 
 D'Antona, G., Ragni, M., Cardile, A., Tedesco, L., Dossena, M., Bruttini, F., et al. (2010). Branched-chain Amino Acid Supplementation Promotes Survival and Supports Cardiac and Skeletal Muscle Mitochondrial Biogenesis in Middle-Aged Mice. Cel Metab. 12 (4), 362–372. doi:10.1016/j.cmet.2010.08.016
 Dehghani, C., Pritchard, N., Edwards, K., Russell, A. W., Malik, R. A., and Efron, N. (2014). Fully Automated, Semiautomated, and Manual Morphometric Analysis of Corneal Subbasal Nerve Plexus in Individuals with and without Diabetes. Cornea 33 (7), 696–702. doi:10.1097/ico.0000000000000152 
 Di, G., Qi, X., Zhao, X., Zhang, S., Danielson, P., and Zhou, Q. (2017). Corneal Epithelium-Derived Neurotrophic Factors Promote Nerve Regeneration. Invest. Ophthalmol. Vis. Sci. 58 (11), 4695–4702. doi:10.1167/iovs.16-21372 
 Di Stefano, G., Di Lionardo, A., Galosi, E., Truini, A., and Cruccu, G. (2019). Acetyl-L-carnitine in Painful Peripheral Neuropathy: a Systematic Review. Jpr 12, 1341–1351. doi:10.2147/JPR.S190231
 Dohlman, T. H., Lai, E. C., and Ciralsky, J. B. (2016). Dry Eye Disease after Refractive Surgery. Int. Ophthalmol. Clin. 56 (2), 101–110. doi:10.1097/IIO.0000000000000104 
 Erie, J. C. (2003). Corneal Wound Healing after Photorefractive Keratectomy: a 3-year Confocal Microscopy Study. Trans. Am. Ophthalmol. Soc. 101, 293–333.
 Erie, J. C., McLaren, J. W., Hodge, D. O., and Bourne, W. M. (2005). Recovery of Corneal Subbasal Nerve Density after PRK and LASIK. Am. J. Ophthalmol. 140 (6), 1059–1064. doi:10.1016/j.ajo.2005.07.027 
 Ferrando, A. A., Paddon-Jones, D., Hays, N. P., Kortebein, P., Ronsen, O., Williams, R. H., et al. (2010). EAA Supplementation to Increase Nitrogen Intake Improves Muscle Function during Bed Rest in the Elderly. Clin. Nutr. 29 (1), 18–23. doi:10.1016/j.clnu.2009.03.009 
 Fukiage, C., Nakajima, T., Takayama, Y., Minagawa, Y., Shearer, T. R., and Azuma, M. (2007). PACAP Induces Neurite Outgrowth in Cultured Trigeminal Ganglion Cells and Recovery of Corneal Sensitivity after Flap Surgery in Rabbits. Am. J. Ophthalmol. 143 (2), 255–262. doi:10.1016/j.ajo.2006.10.034 
 Giulian, D. (1984). Target Regulation of Protein Biosynthesis in Retinal Ganglion Cells during Regeneration of the Goldfish Visual System. Brain Res. 296 (1), 198–201. doi:10.1016/0006-8993(84)90533-x 
 Gonzalez-Perez, F., Udina, E., and Navarro, X. (2013). Extracellular Matrix Components in Peripheral Nerve Regeneration. Int. Rev. Neurobiol. 108, 257–275. doi:10.1016/B978-0-12-410499-0.00010-1 
 Guthoff, R. F., Wienss, H., Hahnel, C., and Wree, A. (2005). Epithelial Innervation of Human Cornea. Cornea 24 (5), 608–613. doi:10.1097/01.ico.0000154384.05614.8f 
 Hamrah, P., Qazi, Y., Shahatit, B., Dastjerdi, M. H., Pavan-Langston, D., Jacobs, D. S., et al. (2017). Corneal Nerve and Epithelial Cell Alterations in Corneal Allodynia: An In Vivo Confocal Microscopy Case Series. Ocul. Surf. 15 (1), 139–151. doi:10.1016/j.jtos.2016.10.002 
 Herndon, D. N., and Tompkins, R. G. (2004). Support of the Metabolic Response to Burn Injury. The Lancet 363, 1895–1902. doi:10.1016/s0140-6736(04)16360-5
 Joo, M.-J., Yuhan, K. R., Hyon, J. Y., Lai, H., Hose, S., Sinha, D., et al. (2004). The Effect of Nerve Growth Factor on Corneal Sensitivity after LaserIn Situ Keratomileusis. Arch. Ophthalmol. 122 (9), 1338–1341. doi:10.1001/archopht.122.9.1338 
 Labetoulle, M., Baudouin, C., Calonge, M., Merayo‐Lloves, J., Boboridis, K. G., Akova, Y. A., et al. (2019). Role of Corneal Nerves in Ocular Surface Homeostasis and Disease. Acta Ophthalmol. 97, 137–145. doi:10.1111/aos.13844 
 Ma, K., Yan, N., Huang, Y., Cao, G., Deng, J., and Deng, Y. (2014). Effects of Nerve Growth Factor on Nerve Regeneration after Corneal Nerve Damage. Int. J. Clin. Exp. Med. 7 (11), 4584–4589.
 Mohan, R. R., Hutcheon, A. E. K., Choi, R., Hong, J., Lee, J., Mohan, R. R., et al. (2003). Apoptosis, Necrosis, Proliferation, and Myofibroblast Generation in the Stroma Following LASIK and PRK. Exp. Eye Res. 76 (1), 71–87. doi:10.1016/s0014-4835(02)00251-8 
 Olivieri, M., Cristaldi, M., Pezzino, S., Lupo, G., Anfuso, C. D., Gagliano, C., et al. (2018). Experimental Evidence of the Healing Properties of Lactobionic Acid for Ocular Surface Disease. Cornea 37 (8), 1058–1063. doi:10.1097/ICO.0000000000001594 
 Pache, M., and Flammer, J. (2006). A Sick Eye in a Sick Body? Systemic Findings in Patients with Primary Open-Angle Glaucoma. Surv. Ophthalmol. 51 (3), 179–212. doi:10.1016/j.survophthal.2006.02.008 
 Rivera, A., Raymond, M., Grobman, A., Abouyared, M., and Angeli, S. I. (2017). The Effect of N-Acetyl-Cysteine on Recovery of the Facial Nerve after Crush Injury. Laryngoscope Invest. Otolaryngol. 2 (3), 109–112. doi:10.1002/lio2.68
 Romano, M. R., Biagioni, F., Carrizzo, A., Lorusso, M., Spadaro, A., Micelli Ferrari, T., et al. (2014). Effects of Vitamin B12 on the Corneal Nerve Regeneration in Rats. Exp. Eye Res. 120, 109–117. doi:10.1016/j.exer.2014.01.017 
 Rusciano, D., Roszkowska, A. M., Gagliano, C., and Pezzino, S. (2016). Free Amino Acids: an Innovative Treatment for Ocular Surface Disease. Eur. J. Pharmacol. 787, 9–19. doi:10.1016/j.ejphar.2016.04.029 
 Sacchetti, M., Di Zazzo, A., and Bonini, S. (2012). Effetto degli aminoacidi somministrati per via topica in pazienti con secchezza oculare. Ottica Fisiopat , XVII. 
 Schmidt, J. A., Rinaldi, S., Scalbert, A., Ferrari, P., Achaintre, D., Gunter, M. J., et al. (2016). Plasma Concentrations and Intakes of Amino Acids in Male Meat-Eaters, Fish-Eaters, Vegetarians and Vegans: a Cross-Sectional Analysis in the EPIC-Oxford Cohort. Eur. J. Clin. Nutr. 70 (3), 306–312. doi:10.1038/ejcn.2015.144 
 Sipahi, S., Gungor, O., Gunduz, M., Clici, M., Demirci, M. C., and Tamer, A. (2013). The Effect of Oral Supplementation with a Combination of Beta-Hydroxy-Beta-Methylbutyrate, Arginine and Glutamine on Wound Healing: a Retrospective Analysis of Diabetic Haemodialysis Patients. BMC Nephrol. 14. doi:10.1186/1471-2369-14-8
 Stechmiller, J. K. (2010). Understanding the Role of Nutrition and Wound Healing. Nutr. Clin. Pract. 25, 61–68. doi:10.1177/0884533609358997 
 Stern, M. E., Gao, J., Siemasko, K. F., Beuerman, R. W., and Pflugfelder, S. C. (2004). The Role of the Lacrimal Functional Unit in the Pathophysiology of Dry Eye. Exp. Eye Res. 78 (3), 409–416. doi:10.1016/j.exer.2003.09.003 
 Tomás-Juan, J., Murueta-Goyena Larrañaga, A., and Hanneken, L. (2015). Corneal Regeneration after Photorefractive Keratectomy: A Review. J. Optom. 8, 149–169. doi:10.1016/j.optom.2014.09.001 
 Torres Munoz, I., Grizzi, F., Russo, C., Camesasca, F. I., Dioguardi, N., and Vinciguerra, P. (2003). The Role of Amino Acids in Corneal Stromal Healing: a Method for Evaluating Cellular Density and Extracellular Matrix Distribution. J. Refract Surg. 19 (2 Suppl. l), S227–S230. 
 Vinciguerra, P., Camesasca, F. I., and Ponzin, D. (2002). Use of Amino Acids in Refractive Surgery. J. Refract Surg. 18 (3 Suppl. l), S374–S377. doi:10.3928/1081-597x-20020502-20 
 Wang, H., Xiao, C., Dong, D., Lin, C., Xue, Y., Liu, J., et al. (2018). Epothilone B Speeds Corneal Nerve Regrowth and Functional Recovery through Microtubule Stabilization and Increased Nerve Beading. Sci. Rep. 8 (1), 2647. doi:10.1038/s41598-018-20734-1 
 Whitnall, M. H., and Grafstein, B. (1981). The Relationship between Extracellular Amino Acids and Protein Synthesis Is Altered during Axonal Regeneration. Brain Res. 220 (2), 362–366. doi:10.1016/0006-8993(81)91226-9 
 Yam, G. H.-F., Williams, G. P., Setiawan, M., Yusoff, N. Z. B. M., Lee, X.-w., Htoon, H. M., et al. (2017). Nerve Regeneration by Human Corneal Stromal Keratocytes and Stromal Fibroblasts. Sci. Rep. 7, 45396. doi:10.1038/srep45396 
 Yildiran, H., Macit, M. S., and Özata Uyar, G. (2020). New Approach to Peripheral Nerve Injury: Nutritional Therapy. Nutr. Neurosci. 23 (10), 744–755. doi:10.1080/1028415X.2018.1554322 
Conflict of Interest: DR is an employee of Sooft SpA, the pharmaceutical company selling the food supplement Aminoftal, used in this study.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Roszkowska, Rusciano, Inferrera, Severo and Aragona. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-680734-t002.jpg
Group Males Females AGE (vears) + SD Diopters  SD Ablation depth
(mm) + SD

AA 9 1 3042 + 4.45 540 +22 68.71 £ 19.7
Control 8 12 31.08 + 4.42 -5.92 + 1.81 67.25+ 215





OPS/images/fphar-12-680734-g003.gif





OPS/images/fphar-12-680734-t001.jpg
Aminoacid Amount (mg)

Leucine* 250
Lysine® 130
Isoleucine® 125
Valine* 125
Threonine* 70
Cystine 30
Histicine* 30
Phenylalanine 20
Methionine* 10
Tyrosine 6

Tryptophan* 4





OPS/xhtml/nav.xhtml
Contents

		Cover

		Oral Aminoacids Supplementation Improves Corneal Reinnervation After Photorefractive Keratectomy: A Confocal-Based Investigation		Introduction

		Materials and Methods

		Results

		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
in Big Data

Comparative Analysis of Energy
Use and Greenhouse Gas
Emission of Diesel and Electric
Trucks for Food Distribution in
Gowanus District of New York
City





OPS/images/fphar-12-680734-g001.gif





OPS/images/fphar-12-680734-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





