
Corneal protective effects of a
new ophthalmic formulation
based on vitamin B12 and sodium
hyaluronate

Francesca Lazzara1†, Federica Conti1†, Grazia Maugeri1,
Velia D’Agata1,2, Ludovica Sotera1 and Claudio Bucolo1,2*
1Department of Biomedical and Biotechnological Sciences, School of Medicine, University of Catania,
Catania, Italy, 2Center for Research in Ocular Pharmacology-CERFO, University of Catania, Catania, Italy

Introduction: Corneal damage can happen due to a variety of insults, including
environmental factors and iatrogenic issues. For instance, the corneal epithelium
is sensitive to oxidative stress caused by reactive oxygen species (ROS) or by
ultraviolet B (UVB) radiation. Moreover, the strictly correlated oxidative damage
and inflammatory processes impair the corneal reparative wound healing
mechanism. Corneal protection after damage remains an unmet medical need
that requires urgent management. Sodium hyaluronate is known to protect the
cornea against oxidative and inflammatory injury. Additionally, vitamin B12 is a
good candidate for counteracting corneal damage, helping preserve
visual functions.

Methods: The present study aimed to investigate the potential protective effect
of an ophthalmic formulation based on 0.01% vitamin B12% and 0.15% sodium
hyaluronate (DROPYAL EVO) compared to other ophthalmic formulations
containing sodium hyaluronate and trehalose (TRIMIX and THEALOZ DUO).
Two different in vitro models of corneal damage were carried out in corneal
epithelial cells exposed to hydrogen peroxide (H2O2, 1 mM) or UVB (20 mJ/cm2).
Cell viability, cytotoxicity, ROS production, and mRNA expression of pro-
inflammatory cytokines (TNF-α and IL-1β) were assessed by MTT, LDH,
2′,7′–dichlorofluorescein diacetate (DCFDA) assays and Real-time PCR,
respectively. Additionally, the ability of ophthalmic formulations to affect the
wound healing process in corneal epithelial cells was assessed at different time
points by scratch wound healing assay.

Results: The eye drops containing vitamin B12 were able to significantly
counteract oxidative and inflammatory damage in corneal epithelial cells
exposed to H2O2 stimulus and UVB radiation, in terms of ROS production and
pro-inflammatory cytokines expression. Additionally, the eye drops containing
vitamin B12 obtained significantly better outcomes in terms of wound closure at
36 h and 48 h after scratching the corneal epithelial cells, compared to the other
two formulations containing trehalose.

Discussion: Vitamin B12 potentially enhances the protective effect of sodium
hyaluronate, accelerating the wound healing process and modulating oxidative
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stress and inflammation. Vitamin B12, in combination with sodium hyaluronate,
could represent a promising approach to managing corneal epithelial damage.
Further clinical investigations are needed to confirm this data.
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1 Introduction

The cornea is a transparent and avascular eye tissue with the
dual function of enclosing and protecting the inner structures of the
eye. The corneal epithelium is the main barrier to pathogens and
noxious stimuli (Suzuki et al., 2003; Eghrari et al., 2015). Corneal
tissues can be injured due to surgical and non-surgical conditions
(Romano et al., 2014; Sepulveda-Beltran et al., 2022; Alves et al.,
2023), such as cataract surgery, corneal transplantation, and
different chemical, physical, and pathological insults, representing
an important medical issue requiring management (Ljubimov and
Saghizadeh, 2015; Bandeira et al., 2019). Additionally, the eye is
particularly susceptible to oxidative stress due to its anatomical
localization and the high metabolic activities of its structures. This
can lead to increased ocular surface damage by producing reactive
oxygen species (ROS) (Böhm et al., 2023).

One of the main exogenous factors contributing to ROS
production in the eye is solar ultraviolet (UV) radiation, which
plays a role in the pathogenesis of several eye disorders
(Balasubramanian, 2000; Brennan and Kantorow, 2009; Marchitti
et al., 2011). UV radiation also promotes hydrogen peroxide (H2O2)
production, which damages DNA, lipids, and proteins, ultimately
resulting in tissue injury (Marchitti et al., 2011). H2O2 is one of the
main non-radical ROS and is ubiquitously produced in different
ocular tissues, such as the humor aqueous, cornea, and surrounding
tissues (Hudde et al., 2002; Izzotti et al., 2009). H2O2 has a
prominent role as a damage signal molecule, and is strictly
correlated with the generation of toxic hydroxylic radicals
(Lushchak, 2014; Halliwell et al., 2021). Moreover, H2O2 can
activate different inflammatory pathways, leading to
overexpression of pro-inflammatory cytokines like IL-1β and
TNF-α and exacerbating oxidative stress and ROS production
(Bucolo et al., 2018; Al Sabaani, 2020; Lazzara et al., 2021; Wang
Q. et al., 2023).

Oxidative stress is a hallmark of different corneal diseases (Kruk
et al., 2015), contributing to the development and progression of
ocular surface pathologies, such as dry eye disease (DED). DED is a
multifactorial disorder characterized by a deficiency in tear
production or excessive tear evaporation, inflammation, and
corneal epithelial lesions (Navel et al., 2022; Böhm et al., 2023;
Chu et al., 2024). Based on the premises above, anti-inflammatory
and anti-oxidant compounds may represent an option to counteract
corneal damage in DED and other ocular conditions (Anfuso et al.,
2017; Bucolo et al., 2018; 2023).

Topical vitamin B12 treatment has shown anti-oxidant and anti-
inflammatory effects, protecting the eye from ROS-induced damage
and maintaining a healthy ocular surface (Macri et al., 2015; Yang
et al., 2019; De-Hita-Cantalejo et al., 2022). In addition, vitamin
B12 restores the integrity of the cornea after mechanical injury,
accelerating corneal re-epithelization and re-innervation (Romano

et al., 2014; Bucolo et al., 2023). Conversely, vitamin B12 deficiency
has been associated with severe DED and neuropathic ocular pain
(Ozen et al., 2017), optic neuropathy (Chavala et al., 2005), eye
movement disorders (Akdal et al., 2007) and corneal epitheliopathy
(Jurkunas et al., 2011). On the other hand, sodium hyaluronate is
used during intraocular surgeries to protect the corneal endothelium
and stabilize the anterior chamber (Graue et al., 1980; Higashide and
Sugiyama, 2008) due to its viscoelastic properties. Sodium
hyaluronate also prompts corneal epithelial cells’ healing by
stimulating their migration, adhesion, and proliferation (Nishida
et al., 1991; Gomes et al., 2004). It is also used as a treatment for
DED, to maintain a healthy corneal epithelium (Shimmura et al.,
1995). We hypothesized that combining vitamin B12 and sodium
hyaluronate would reduce ROS and inflammation and improve
wound healing in corneal epithelial cells after inducing H2O2 or
UV radiation exposure damage. Therefore, our aim here was to
assess the potential protective effect of 0.01% vitamin B12% and
0.15% sodium hyaluronate-based ophthalmic formulation
(DROPYAL EVO) in comparison to two formulations containing
sodium hyaluronate and trehalose (TRIMIX and THEALOZ DUO)
using Statens Seruminstitut Rabbit Corneal (SIRC) epithelial cells as
in vitro models of the damaged corneal epithelium.

2 Materials and methods

2.1 Ophthalmic formulations

Three different ophthalmic formulations were investigated:
formulation A, DROPYAL EVO (0.15% sodium hyaluronate,
0.01% Vit.B12; Bruschettini S.r.l, Genova, Italy); formulation B,
TRIMIX (0.15% cross-linking sodium hyaluronate, 3% trehalose;
Off Health, Florence Italy) and formulation C, THEALOZ DUO
(0.15% sodium hyaluronate, 3% trehalose; Laboratoires Théa,
Clermont-Ferrand, France). All the formulations were used at 5%
v/v (% volume/volume) by dilution in cell medium. A 30-min pre-
treatment was carried out for all experiments.

2.2 Cell culture and experimental groups

SIRC cells, obtained from the American Type Culture Collection
(ATCC®, Manassas, Virginia, United States), were cultured in
Eagle’s Minimum Essential Medium (ATCC® 30-2003, Manassas,
Virginia, United States) with 10% activated fetal bovine serum (FBS,
12103C, Sigma-Aldrich, St Louis, MO, United States) and incubated
at 37°C in a humidified atmosphere of 5% CO2 as previously
described (Maugeri et al., 2022). Experimental groups: negative
control, positive control, group A: DROPYAL EVO 5%, group B:
TRIMIX 5%; group C: THEALOZ 5%. SIRC cells were subjected to
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two different oxidative stress challenges, as well as hydrogen
peroxide (H2O2) treatment or exposure to ultraviolet B radiations
(UV-B). In the first model, cells were cultured in a control medium
(CTRL, negative control) or treated with 1 mM H2O2 (Sigma-
Aldrich, St Louis, MO, United States) for 1 h or 6 h (positive
control), or pre-incubated with 5% of DROPYAL EVO (A), TRIMIX
(B), or THEALOZ (C) formulations for 30 min before H2O2

treatment. In the second model, SIRC cells were cultured in a
control medium (CTRL, negative control) or subjected for 30 s
to UV irradiation (positive control) at a dose of 20 mJ/cm2 by using a
UV-B lamp at 302 nm with a filter size of 21 cm × 26 cm (Uvitec,
Cambridgeshire, UK), or pre-incubated with 5% of A, B or C
formulations for 30 min before the UV-B insult, and then kept
in culture for 24 h (Maugeri et al., 2020).

2.3 Cell viability assay

Cell viability was assessed using the 3-[4,5-dimethylthiazol-2-y
l]-2,5-diphenyl tetrasodium bromide (MTT)-based colorimetric
assay (Sigma-Aldrich, St Louis, MO, United States). Cells were
cultured into 96-well plates at a density of 1 × 104 cells/well in
100 μL of the culture medium (Maugeri et al., 2021). After overnight
growth, SIRC cells were grown according to the previously described
experimental conditions. At the end of treatments, the culture
medium was replaced with fresh medium with 0.5 mg/mL of
MTT salt for 3 h. The reaction was stopped by adding 100 μL of
dimethyl sulfoxide (DMSO). The formazan formed by the cleavage
of the yellow tetrazolium salt MTT was measured
spectrophotometrically by an absorbance change at 570 nm in a
plate reader (VariosKan, Thermo Fisher Scientific, Waltham, MA,
United States). Six independent experiments were performed, each
with six replicates for each group. The medium alone was used as
a blank.

2.4 LDH cytotoxicity assay

Cellular cytotoxicity was evaluated using the Invitrogen
CyQUANT LDH Cytotoxicity Assay kit (C20300, Thermo Fisher
Scientific, United States) as previously described (Lazzara et al.,
2024). Briefly, SIRC cells were seeded into 96-well plates at a density
of 1 × 104 cells/well. After overnight growth, SIRC cells were grown
in the previously described experimental conditions. At the end of
treatments, 50 µL of the medium was transferred into a new 96-well
plate, and a volume of 50 µL of the working solution was added.
After 30 min at room temperature, 50 µL of the stop solution was
added. The absorbance wasmeasured with the Varioskanmicroplate
reader at 490 nm and 680 nm (Thermo Fisher Scientific, Waltham,
MA, United States). LDH activity was determined by subtracting the
680-nm absorbance value (background) from the 490-nm
absorbance. The % cytotoxicity was calculated by using the
following formula:

Citotoxicity %( ) � Absx
Absctrl+ x100

where Absx is the absorbance in the x well, and Absctrl+ is the average
absorbance of internal positive control cells (untreated lysed cells).

Six replicate wells were used for each group. Absorbance values were
corrected by subtracting blanks.

2.5 Detection of ROS

ROS levels were assessed using the 2′,7′–dichlorofluorescein
diacetate (DCFDA)–Cellular ROS Detection Assay Kit (ab113851,
Abcam, Cambridge, UK), as previously described (Lazzara et al.,
2024). SIRC cells were plated into 96-well black plates at a density
of 1 × 104 cells/well for 24 h. After overnight growth, SIRC cells were
cultured in different experimental conditions. At the end of treatments,
cells were washed twice gently with PBS and incubated with 25 μM
DCFDA. The ROS concentration was determined by measuring the
DCF fluorescence (λex = 495 nm, λem = 529 nm) with the Varioskan
microplate (Thermo Fisher Scientific, Waltham, MA, United States).
Twelve replicate wells were used for each group.

2.6 Scratch wound healing assay

SIRC cells (0.3 × 106) were seeded in a 6-well plate and grown in a
complete medium until 90%–95% confluence. When confluence was
reached, cells were washed twice with PBS (1x) and then incubated with
serum-free medium for 5 h. A disposable pipette tip (200 μL volume)
was used to scratch wounds on the midline of the well, which was
carefully washed with the complete medium to remove floating cells
and clean the wound area. Then, cells were incubated in a serum-free
medium alone (CTRL) or with 5% of A, B or C formulations for 72 h.
Pictures of the wound areaswere taken, and the coordinates noted at the
starting time of the experiment (T0) and then 12 h (T12), 24 h (T24),
36 h (T36), 48 h (T48) and 72 h (T72) after the scratch. T0, T12, T24,
T36, T48 and T72 wound images were acquired with a Leica
microscope (×10 magnification). The average wound area, expressed
in the percentage of control (CTRL), was determined using ImageJ
Software (Broken Symmetry Software, Bethesda, MD, US).

2.7 Extraction of total ribonucleic acid and
cDNA synthesis

Total RNA extraction from SIRC cells was performed with a
TRIzol Reagent (Invitrogen, Life Technologies, Carlsbad, CA,
United States). The A260/A280 ratio of optical density of RNA
samples (measured with Multimode Reader Flash Varioskan™,
Thermo Fisher Scientific, Waltham, MA, United States) was
1.95–2.01; this RNA purity was confirmed with the
electrophoresis in non-denaturing 1% agarose gel (in TAE).
cDNA was synthesized from 2 µg RNA with a reverse
transcription kit (SuperScript™ II Reverse transcriptase,
Invitrogen, Thermo Fisher Scientific, Carlsbad, CA, United States).

2.8 Real-time PCR

Real-time PCR was carried out with the Rotor-Gene Q (Qiagen,
Milan, Italy). The amplification reaction mix included the Master Mix
Qiagen (10 µL) (Qiagen QuantiNova SYBR Green Real-Time PCR Kit,
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Milan, Italy) and cDNA (1 μL, 100 ng). Forty-five amplification cycles
were carried out for each sample. Results were analyzed with the 2−ΔΔCt

method. Quantitative PCR experiments followed the MIQE guidelines
(Bustin et al., 2009). Gene expression levels were normalizedwith levels of
the housekeeping genes (HPRT, hypoxanthine phosphoribosyl
transferase). Primers were purchased from Eurofins Genomics (Milan,
Italy) and Qiagen (Milan, Italy). Forward and reverse primer sequences
(for rabbit genes) were: IL-1β (forward: 5′-GCCTCAGGGGGAAGA
ATCTG -3’; reverse: 5′-TGGGGTCTACACTCTCCAGC -3′), TNF-α
(forward 5′-GGAGCTGCCTTGGTTCTCAC -3’; reverse 5′-ATGTAG
CGACGGGTCAGTCA -3′), HPRT (forward 5′-ACAGGCCAGACT
TTGTTGGA -3’; reverse 5′-ACTGGCGATGTCAATGAGACT -3′).

2.9 Statistical analysis

Statistical analysis was performed using GraphPad Prism 10
(GraphPad, La Jolla, California). The data generated by all
experiments are reported as mean ± SD. A one-way analysis of
variance (ANOVA) was carried out, and Tukey’s post hoc test was
used to make multiple comparisons. Differences between groups
were considered statistically significant for p-values <0.05.

3 Results

3.1 Effects of ocular formulations against
oxidative stress

As shown in Figure 1A, 1 h incubationwithH2O2 at 1mMdecreased
cell viability compared with control cells (p < 0.05 vs. CTRL). SIRC cells
pretreated with A, B, or C formulations significantly increased cell
viability compared to H2O2-treated cells (p < 0.05 vs. H2O2).
Similarly, LDH activity was increased by H2O2 treatment, but
significantly decreased by pre-treatment with the three different
formulations, confirming their ability to counteract H2O2-induced
corneal epithelial cell damage (p < 0.05 vs. H2O2, Figure 1B).

ROS levels increased in H2O2-treated cells compared to controls
(p < 0.05 vs. CTRL, Figure 1C). However, pre-treatment with the
three different formulations prominently decreased the fluorescence
intensity compared to the H2O2-only group (p < 0.05 vs. H2O2).
Noteworthy, pre-treatment with DROPYAL EVO (A) outperformed
the other formulations (p < 0.01 vs. B, C).

Figure 2A shows a significant decrease in cell viability in SIRC
cells exposed to UV-B for 30 s (p < 0.05 vs. CTRL). However, pre-
treatment with the three different formulations significantly

FIGURE 1
Formulations counteracted H2O2 cell damage. Cells were pretreated for 30min with 5% formulations DROPYAL EVO (A), TRIMIX (B) or THEALOZ (C)
and for 1 h with H2O2 insult (1 mM). At the end of treatment MTT (A), LDH (B), and the ROS assay (C) were carried out. Values are reported as mean ± SD
(from n= 6 independent experiments). Data were analyzed by one-way ANOVA and Tukey’s post hoc test for multiple comparisons. *p < 0.05 vs. control;
†p < 0.05 vs. H2O2; ‡p < 0.05 vs. B, C.
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increased cell viability (p < 0.05 vs. UV-B). Moreover, SIRC cells
exposed to UV-B showed a significant increase in the LDH release in
the culture medium, indicating the occurrence of cell death due to
UV-B exposure (Figure 2B). On the other hand, the corneal
epithelial cells pretreated with A, B, or C formulations showed
significantly reduced LDH concentration compared to UV-B treated
cells (p < 0.05 vs. UV-B). Regarding intracellular ROS, a significant
increase of ROS levels was observed after UV-B radiations (p <
0.05 vs. CTRL). However, pre-treatment with A, B, or C
formulations significantly reduced ROS levels (p < 0.05 vs. UV-
B). Remarkably, DROPYAL EVO A reduced intracellular ROS to a
larger extent than the other formulations (p < 0.01 vs. B,
C, Figure 2C).

3.2 Effect of ocular formulations on the
modulation of inflammatory cytokines
(IL-1β and TNF-α) after H2O2 challenge

H2O2 exposure induced a significant (p < 0.05 vs. CTRL)
overexpression of IL-1β and TNF-α in SIRC cells after 6 h
(Figure 3). DROPYAL EVO significantly decreased IL-1β (Figure

3A) and TNF-α (Figure 3B) mRNA not only in comparison to the
positive control cells but also in comparison to the other
formulations (p < 0.05 vs. B, C).

3.3 Effect of formulations on themodulation
of inflammatory cytokines (IL-1β and TNF-α)
after UV-B challenge

UV-B exposure induced a significant (p < 0.05 vs. CTRL)
upregulation of IL-1β and TNF-α mRNAs after 24 h of the
challenge (Figure 4). Notably, pre-treatment for 30 min with the
three formulations counteracted the UV-B-induced damage,
significantly reducing IL-1β mRNA levels in comparison to
positive control cells (UV-B, Figure 4A). DROPYAL EVO and
TRIMIX treatments were more effective in reducing IL-1β
mRNA levels than THEALOZ (p < 0.05 vs. C). Regarding TNF-
α, both DROPYAL EVO and TRIMIX formulations reduced the
expression of TNF-α (p < 0.05 vs. UV-B), unlike THEALOZ.
DROPYAL EVO was superior to TRIMIX and THEALOZ (p <
0.05 vs. B, C), suppressing the expression of TNF-α mRNA
(Figure 4B).

FIGURE 2
Formulations counteracted UV-B cell damage. Cells were pretreated for 30min with 5% formulations DROPYAL EVO (A), TRIMIX (B) or THEALOZ (C)
and exposed to UV-B insult for 30 s at a dose of 20 mJ/cm2 and then kept in culture for 24 h. At the end of treatment out MTT (A), LDH (B), and the ROS
assay (C)were carried out. Values are reported asmean ± SD (from n = 6 independent experiments). Data were analyzed by one-way ANOVA and Tukey’s
post hoc test for multiple comparisons. *p < 0.05 vs. control; †p < 0.05 vs. H2O2; ‡p < 0.05 vs. B, C.
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3.4 Effect of ocular formulations on SIRC
cells wound repair

As shown in Figure 5 12 h after confluent SIRC cells were
scratched, all formulations produced a significant (p < 0.05 vs.
CTRL) reduction of the average wound area compared to the
control condition. However, from 24 h until 36 h, only A and C
formulations showed a significant reduction of wound area (p <
0.05 vs. CTRL). Starting from 48 h until the end of the
experiment (72 h), all formulations were shown to
significantly promote wound healing closure (p < 0.05 vs.

CTRL). Notably, DROPYAL EVO was superior in terms of
wound closure than the other formulations at 36 h and 48 h
(p < 0.01 vs. B, C).

4 Discussion

The eye is a relatively unprotected organ usually exposed to
environmental chemicals, physical abrasion, pathological stimuli,
atmospheric oxygen and solar UV radiation. Specifically, as the
outermost layer of the eye, the cornea is particularly sensitive to

FIGURE 3
Formulations reduced the overexpression of IL-1β and TNF-α in SIRC cells, induced by H2O2 stimulus. IL-1β (A) and TNF-α (B) mRNAs were
upregulated in SIRC cells after 1 mM H2O2 treatment for 6 h. Pre-treatment with 5% formulation DROPYAL EVO (A) significantly reduced mRNA levels of
both cytokines, in comparison to only H2O2 treated cells and TRIMIX (B) and THEALOZ (C) treated cells. Values are reported as mean ± SD (from n =
6 independent experiments). Data were analyzed by one-way ANOVA, and Tukey post-hoc test for multiple comparisons. *p < 0.05 vs. control; † p <
0.05 vs. H2O2 and B, C; ‡ p < 0.05 vs. B, C.

FIGURE 4
Formulations counteracted IL-1β and TNF-α overexpression induced by UV-B damage in SIRC cells. IL-1β (A) and TNF-α (B) mRNAs were
upregulated in SIRC cells after UV-B exposure for 24 h. Pre-treatment with 5% formulation DROPYAL EVO (A) significantly reduced both mRNA levels in
comparison to UV-B exposed cells. DROPYAL EVO (A) reduced IL-1βmRNA in comparison to THEALOZ (C) treated cells (A) and TNF-αmRNA compared
to TRIMIX (B) and THEALOZ (C) treated cells (B). Values are reported as mean ± SD (from n = 6 independent experiments). Data were analyzed by
one-way ANOVA, and Tukey post-hoc test for multiple comparisons. *p < 0.05 vs. control; † p < 0.05 vs. UV-B, ‡ p < 0.05 vs. C (A) and vs. B, C (B).

Frontiers in Pharmacology frontiersin.org06

Lazzara et al. 10.3389/fphar.2025.1548213

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1548213


external insults and environmental stressors, resulting in frequent damage
(DelMonte and Kim, 2011). These external environmental factors may
trigger pathological changes in corneal morphology, leading to several

corneal diseases, which can potentially cause corneal blindness, unless
they are adequately treated (Um et al., 2014; Osae et al., 2017; Song et al.,
2018; Ma et al., 2021). When the outermost epithelium cell layer of the

FIGURE 5
Formulations promotedwound closure in SIRC cells. (Top Panel) Representative images of wound healing assays performed in SIRCs exposed to the
three different formulations (5% formulations DROPYAL EVO (A), TRIMIX (B) or THEALOZ (C) at 0, 12, 24, 36, 48 and 72 h. (Bottom Panel). The bar graph
shows the average wound area expressed in the percentage of CTRL. Data are shown as mean ± SD (from n = 6 independent experiments). Data were
analyzed by one-way ANOVA and Tukey’s post hoc test for multiple comparisons. *p < 0.01 vs. CTRL; †p < 0.05 vs. B, C.
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cornea is compromised, the epithelial wound healing process is essential
to restore the normal multilayered structure of the epithelium, which is
crucial to maintaining the corneal barrier function and its refractive
surface (Bukowiecki et al., 2017).

Corneal wound healing represents a dynamic and complex
mechanism involving overlapping phases, such as inflammation,
proliferation, matrix deposition and remodeling (Rodrigues
et al., 2019; Wang et al., 2022). This process implicates the
cooperation between different cell types, and it is regulated by
several growth factors, cytokines, and extracellular matrix
proteins (Ljubimov and Saghizadeh, 2015; Rodrigues et al.,
2019). Nevertheless, sustained inflammation can delay the
healing process by blocking the remodeling stage,
consequently leading to chronic non-healing wounds (Pierce,
2001; Goldberg et al., 2007; Wang et al., 2022). Excessive
oxidative stress can negatively affect the wound healing
process (Wang G. et al., 2023). Although antioxidant
compounds typically help accelerate epithelial wound healing
(Foresti et al., 2015; Bucolo et al., 2023; Li et al., 2023), their
effectiveness may be compromised under sustained oxidative
conditions. Therefore, there is an urgent need to develop
efficient ways to prevent prolonged corneal inflammation and
oxidative stress in order to enhance the corneal healing process
and mitigate corneal injury (Bucolo et al., 2023; Zhao et al., 2023).

Sodium hyaluronate, a natural glycosaminoglycan of the
extracellular matrix, is known to promote corneal epithelial
wound healing (Inoue and Katakami, 1993; Gomes et al., 2004).
Moreover, its topical application on the ocular surface protects the
cornea from epithelial damage, for example, during intraocular
surgery (Aragona et al., 2002; Hynnekleiv et al., 2022). Therefore,
sodium hyaluronate is one of the components of tear substitutes for
the treatment of DED.

Vitamins are essential for corneal health, and an imbalance can
adversely affect corneal function and lead to diseases (Vitar et al.,
2022; Bucolo et al., 2023). Particularly, vitamin B12 deficiency has
been correlated with corneal epitheliopathy, optic neuropathy, eye
movement disorders, corneal pain and DED symptoms (Ozen et al.,
2017; Ata et al., 2020). Moreover, increasing evidence suggests an
emerging role of vitamin B12 in the modulation of oxidative stress
and inflammation (Gopinath et al., 2013; Hughes et al., 2013;
Mikkelsen and Apostolopoulos, 2018; van de Lagemaat et al.,
2019; Simonenko et al., 2024). A randomized controlled clinical
trial found that patients with DED who were treated with eye drops
containing hyaluronic acid and vitamin B12 experienced reduced
levels of oxidative stress (Macri et al., 2015). Another trial showed an
increase of basal epithelial cell density in DED patients after its
ocular nebulization (Yang et al., 2019). In addition, vitamin B12 in
combination with hyaluronic acid improves dry eye symptoms in
menopausal women and DED patients (Macri et al., 2015; De-Hita-
Cantalejo et al., 2022).

Based on these premises, the present study compared DROPYAL
EVO, which contains 0.01% vitamin B12% and 0.15% sodium
hyaluronate, to TRIMIX and THEALOZ DUO, both of which only
contain sodiumhyaluronate and trehalose. The evaluationwas conducted
using two in vitro models of corneal damage: the H2O2 challenge and
UVB radiation exposure.

All three tested formulations were able to counteract H2O2/
UVB-induced ROS production, confirming the protective effects of

sodium hyaluronate by reducing ROS production in corneal
epithelial cells (Pauloin et al., 2008; 2009; Wu et al., 2011; Li
et al., 2013; Bucolo et al., 2018). Notably, however, among the
three formulations, DROPYAL EVO showed the best result in ROS
reduction in both in vitro models, which can be attributed to the
presence of vitamin B12. In line with this finding, a recent study in
the same model have shown that a new formulation containing
vitamin B12 was the most effective at reducing ROS production
(Bucolo et al., 2023).

Pathological damage to the corneal epithelium can induce
sustained inflammatory processes, which may impair wound
healing, ultimately altering corneal structures and leading to
visual impairment (Zuo et al., 2019; Shu et al., 2023). In
particular, inflammatory processes could be stimulated by
oxidative stress damage (Biswas, 2016). H2O2 can activate NF-
κβ inflammatory signaling pathway, in turn, stimulating the
overexpression of pro-inflammatory cytokines, such as TNF-α
and IL-1β, in corneal epithelial and endothelial cells, and in
retinal and lens epithelial cells (Dudek et al., 2001; Lazzara et al.,
2021; Wang Q. et al., 2023). Similarly, UVB radiation stimulates
an inflammatory response in the corneal epithelium, inducing the
secretion of pro-inflammatory cytokines (Black et al., 2011;
Maugeri et al., 2023). Accordingly, we observed that both
H2O2 and UVB radiation exposure elicited the overexpression
of IL-1β and TNF-α in corneal epithelial cells, stimulating an
inflammatory response. Notably, the DROPYAL EVO
formulation was able to counteract the overexpression of these
inflammatory cytokines to a larger extent than the other
formulations, which could be partly attributed to the anti-
inflammatory properties of vitamin B12 (Halczuk et al., 2023).
An in vitro study showed an increased gene expression of pro-
inflammatory cytokines, including IL-1β and TNF-α, in human
adipocytes cultured in low vitamin B12 conditions (Samavat
et al., 2018), and a vitamin B12 analogue suppressed
inflammatory cytokines of T lymphocytes (Yamashiki et al.,
1992). Moreover, decreased serum levels of vitamin B12 in
aged mice, as well as in patients with high cardiovascular risk
or with diabetes, have been correlated with increased
inflammatory markers, suggesting again an anti-inflammatory
effect of this vitamin (Lee et al., 2016; Domínguez-López
et al., 2024).

Lastly, regarding corneal epithelial wound closure,
DROPYAL EVO achieved the best outcome in terms of wound
closure at 36 h and 48 h compared to TRIMIX and THEALOZ
DUO. This result aligns with previous reports showing the role of
vitamin B12 in prompting wound healing in the corneal
epithelium and in stimulating re-epithelization after corneal
injury in different animal models (Romano et al., 2014; Bucolo
et al., 2023). No side effects are reported for topical vitamin
B12 in ocular surface (Fogagnolo et al., 2021); incidentally, the
ophthalmic formulation containing vitamin B12 (DROPYAL
EVO) is already approved for clinical use. Further studies will
be useful to evaluate the contribution of vitamin B12 in terms of
corneal wound healing in clinical practice. In conclusion, our
results support the hypothesis that the combination of vitamin
B12 and sodium hyaluronate protects corneal epithelial cells
from oxidative and inflammatory damage, prompting the
corneal wound healing process.

Frontiers in Pharmacology frontiersin.org08

Lazzara et al. 10.3389/fphar.2025.1548213

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1548213


Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

FL: Conceptualization, Writing–original draft,
Writing–review and editing, Formal Analysis, Investigation,
Methodology. FC: Conceptualization, Formal Analysis,
Investigation, Methodology, Writing–original draft,
Writing–review and editing. GM: Conceptualization, Formal
Analysis, Investigation, Methodology, Writing–original draft,
Writing–review and editing. VD: Writing–original draft. LS:
Writing–original draft, Investigation. CB: Writing–original
draft, Conceptualization, Project administration, Supervision,
Writing–review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. The authors
declare that this study received funding from Bruschettini s.r.l. The
funder was not involved in the study design, collection, analysis,

interpretation of data, the writing of this article, or the decision to
submit it for publication.

Conflict of interest

The 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.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

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

Akdal, G., Yener, G. G., Ada, E., and Halmagyi, G. M. (2007). Eye movement
disorders in vitamin B12 deficiency: two new cases and a review of the literature. Eur.
J. Neurol. 14, 1170–1172. doi:10.1111/J.1468-1331.2007.01824.X

Al Sabaani, N. (2020). Kaempferol protects against hydrogen peroxide-induced retinal
pigment epithelium cell inflammation and apoptosis by activation of SIRT1 and inhibition
of PARP1. J. Ocul. Pharmacol. Ther. 36, 563–577. doi:10.1089/JOP.2019.0151

Alves, M., Asbell, P., Dogru, M., Giannaccare, G., Grau, A., Gregory, D., et al. (2023).
TFOS Lifestyle Report: impact of environmental conditions on the ocular surface. Ocul.
Surf. 29, 1–52. doi:10.1016/J.JTOS.2023.04.007

Anfuso, C. D., Olivieri, M., Fidilio, A., Lupo, G., Rusciano, D., Pezzino, S., et al. (2017).
Gabapentin attenuates ocular inflammation: in vitro and in vivo studies. Front.
Pharmacol. 8, 173. doi:10.3389/FPHAR.2017.00173

Aragona, P., Papa, V., Micali, A., Santocono, M., and Milazzo, G. (2002). Long term
treatment with sodium hyaluronate-containing artificial tears reduces ocular surface damage
in patients with dry eye. Br. J. Ophthalmol. 86, 181–184. doi:10.1136/BJO.86.2.181

Ata, F., Bint I Bilal, A., Javed, S., Shabir Chaudhry, H., Sharma, R., Fatima Malik, R.,
et al. (2020). Optic neuropathy as a presenting feature of vitamin B-12 deficiency: a
systematic review of literature and a case report. Ann. Med. Surg. 60, 316–322. doi:10.
1016/J.AMSU.2020.11.010

Balasubramanian, D. (2000). Ultraviolet radiation and cataract. J. Ocul. Pharmacol.
Ther. 16, 285–297. doi:10.1089/JOP.2000.16.285

Bandeira, F., Yusoff, N. Z., Yam, G. H. F., and Mehta, J. S. (2019). Corneal re-
innervation following refractive surgery treatments. Neural Regen. Res. 14, 557–565.
doi:10.4103/1673-5374.247421

Biswas, S. K. (2016). Does the interdependence between oxidative stress and
inflammation explain the antioxidant paradox? Oxid. Med. Cell. Longev. 2016,
5698931. doi:10.1155/2016/5698931

Black, A. T., Gordon, M. K., Heck, D. E., Gallo, M. A., Laskin, D. L., and Laskin, J. D. (2011).
UVB light regulates expression of antioxidants and inflammatory mediators in human corneal
epithelial cells. Biochem. Pharmacol. 81, 873–880. doi:10.1016/J.BCP.2011.01.014

Böhm, E. W., Buonfiglio, F., Voigt, A. M., Bachmann, P., Safi, T., Pfeiffer, N., et al.
(2023). Oxidative stress in the eye and its role in the pathophysiology of ocular diseases.
Redox Biol. 68, 102967. doi:10.1016/J.REDOX.2023.102967

Brennan, L. A., and Kantorow, M. (2009). Mitochondrial function and redox control
in the aging eye: role of MsrA and other repair systems in cataract and macular
degenerations. Exp. Eye Res. 88, 195–203. doi:10.1016/J.EXER.2008.05.018

Bucolo, C., Fidilio, A., Platania, C. B. M., Geraci, F., Lazzara, F., and Drago, F. (2018).
Antioxidant and osmoprotecting activity of taurine in dry eye models. J. Ocul.
Pharmacol. Ther. 34, 188–194. doi:10.1089/JOP.2017.0008

Bucolo, C., Maugeri, G., Giunta, S., D’Agata, V., Drago, F., and Romano, G. L. (2023).
Corneal wound healing and nerve regeneration by novel ophthalmic formulations based
on cross-linked sodium hyaluronate, taurine, vitamin B6, and vitamin B12. Front.
Pharmacol. 14, 1109291. doi:10.3389/FPHAR.2023.1109291

Bukowiecki, A., Hos, D., Cursiefen, C., and Eming, S. A. (2017). Wound-healing
studies in cornea and skin: parallels, differences and opportunities. Int. J. Mol. Sci. 18,
1257. doi:10.3390/IJMS18061257

Bustin, S. A., Benes, V., Garson, J. nA., Hellemans, J., Huggett, J., Kubista, M., et al.
(2009). The MIQE guidelines: minimum information for publication of quantitative real-
time PCR experiments. Clin. Chem. 55, 611–622. doi:10.1373/clinchem.2008.112797

Chavala, S. H., Kosmorsky, G. S., Lee, M. K., and Lee, M. S. (2005). Optic neuropathy
in vitamin B12 deficiency. Eur. J. Intern. Med. 16, 447–448. doi:10.1016/J.EJIM.2005.
01.021

Chu, L., Wang, C., and Zhou, H. (2024). Inflammation mechanism and anti-
inflammatory therapy of dry eye. Front. Med. 11, 1307682. doi:10.3389/FMED.2024.
1307682

De-Hita-Cantalejo, C., Sánchez-González, M. C., Silva-Viguera, C., García-Romera,
M. C., Feria-Mantero, R., and Sánchez-González, J. M. (2022). Efficacy of hyaluronic
acid 0.3%, cyanocobalamin, electrolytes, and P-Plus in menopause patients with
moderate dry eye disease. Graefes Arch. Clin. Exp. Ophthalmol. 260, 529–535.
doi:10.1007/S00417-021-05415-6

DelMonte, D. W., and Kim, T. (2011). Anatomy and physiology of the cornea.
J. Cataract. Refract. Surg. 37, 588–598. doi:10.1016/J.JCRS.2010.12.037

Domínguez-López, I., Kovatcheva, M., Casas, R., Toledo, E., Fitó, M., Ros, E., et al.
(2024). Higher circulating vitamin B12 is associated with lower levels of inflammatory
markers in individuals at high cardiovascular risk and in naturally aged mice. J. Sci. Food
Agric. 104, 875–882. doi:10.1002/JSFA.12976

Dudek, E. J., Shang, F., and Taylor, A. (2001). H2O2-mediated oxidative stress
activates NF-κB in lens epithelial cells. Free Radic. Biol. Med. 31, 651–658. doi:10.1016/
S0891-5849(01)00634-7

Eghrari, A. O., Riazuddin, S. A., and Gottsch, J. D. (2015). Overview of the cornea:
structure, function, and development. Prog. Mol. Biol. Transl. Sci. 134, 7–23. doi:10.
1016/BS.PMBTS.2015.04.001

Frontiers in Pharmacology frontiersin.org09

Lazzara et al. 10.3389/fphar.2025.1548213

https://doi.org/10.1111/J.1468-1331.2007.01824.X
https://doi.org/10.1089/JOP.2019.0151
https://doi.org/10.1016/J.JTOS.2023.04.007
https://doi.org/10.3389/FPHAR.2017.00173
https://doi.org/10.1136/BJO.86.2.181
https://doi.org/10.1016/J.AMSU.2020.11.010
https://doi.org/10.1016/J.AMSU.2020.11.010
https://doi.org/10.1089/JOP.2000.16.285
https://doi.org/10.4103/1673-5374.247421
https://doi.org/10.1155/2016/5698931
https://doi.org/10.1016/J.BCP.2011.01.014
https://doi.org/10.1016/J.REDOX.2023.102967
https://doi.org/10.1016/J.EXER.2008.05.018
https://doi.org/10.1089/JOP.2017.0008
https://doi.org/10.3389/FPHAR.2023.1109291
https://doi.org/10.3390/IJMS18061257
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1016/J.EJIM.2005.01.021
https://doi.org/10.1016/J.EJIM.2005.01.021
https://doi.org/10.3389/FMED.2024.1307682
https://doi.org/10.3389/FMED.2024.1307682
https://doi.org/10.1007/S00417-021-05415-6
https://doi.org/10.1016/J.JCRS.2010.12.037
https://doi.org/10.1002/JSFA.12976
https://doi.org/10.1016/S0891-5849(01)00634-7
https://doi.org/10.1016/S0891-5849(01)00634-7
https://doi.org/10.1016/BS.PMBTS.2015.04.001
https://doi.org/10.1016/BS.PMBTS.2015.04.001
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1548213


Fogagnolo, P., De Cilla, S., Alkabes, M., Sabella, P., and Rossetti, L. (2021). A review of
topical and systemic vitamin supplementation in ocular surface diseases. Nutrients 13
(6), 1998. doi:10.3390/nu13061998

Foresti, R., Bucolo, C., Platania, C. M. B., Drago, F., Dubois-Randé, J. L., and
Motterlini, R. (2015). Nrf2 activators modulate oxidative stress responses and
bioenergetic profiles of human retinal epithelial cells cultured in normal or high
glucose conditions. Pharmacol. Res. 99, 296–307. doi:10.1016/J.PHRS.2015.07.006

Goldberg, M. T., Han, Y. P., Yan, C., Shaw, M. C., and Garner, W. L. (2007). TNF-
alpha suppresses alpha-smoothmuscle actin expression in human dermal fibroblasts: an
implication for abnormal wound healing. J. Invest. Dermatol. 127, 2645–2655. doi:10.
1038/SJ.JID.5700890

Gomes, J. A. P., Amankwah, R., Powell-Richards, A., and Dua, H. S. (2004). Sodium
hyaluronate (hyaluronic acid) promotes migration of human corneal epithelial cells
in vitro. Br. J. Ophthalmol. 88, 821–825. doi:10.1136/BJO.2003.027573

Gopinath, B., Flood, V. M., Rochtchina, E., Wang, J. J., and Mitchell, P. (2013).
Homocysteine, folate, vitamin B-12, and 10-y incidence of age-related macular
degeneration. Am. J. Clin. Nutr. 98, 129–135. doi:10.3945/AJCN.112.057091

Graue, E. L., Polack, F. M., and Balazs, E. A. (1980). The protective effect of Na-
hyaluronate to corneal endothelium. Exp. Eye Res. 31, 119–127. doi:10.1016/0014-
4835(80)90094-9

Halczuk, K., Kaźmierczak-Barańska, J., Karwowski, B. T., Karmańska, A., and Cieślak,
M. (2023). Vitamin B12-multifaceted in vivo functions and in vitro applications.
Nutrients 15, 2734. doi:10.3390/NU15122734

Halliwell, B., Adhikary, A., Dingfelder, M., and Dizdaroglu, M. (2021). Hydroxyl
radical is a significant player in oxidative DNA damage in vivo. Chem. Soc. Rev. 50,
8355–8360. doi:10.1039/D1CS00044F

Higashide, T., and Sugiyama, S. (2008). Use of viscoelastic substance in ophthalmic
surgery - focus on sodium hyaluronate. Clin. Ophthalmol. 2, 21–30. doi:10.2147/OPTH.
S1439

Hudde, T., Comer, R. M., Kinsella, M. T., Buttery, L., Luthert, P. J., Polak, J. M., et al.
(2002). Modulation of hydrogen peroxide induced injury to corneal endothelium by
virus mediated catalase gene transfer. Br. J. Ophthalmol. 86, 1058–1062. doi:10.1136/
BJO.86.9.1058

Hughes, C. F., Ward, M., Hoey, L., and McNulty, H. (2013). Vitamin B12 and ageing:
current issues and interaction with folate.Ann. Clin. Biochem. 50, 315–329. doi:10.1177/
0004563212473279

Hynnekleiv, L., Magno, M., Vernhardsdottir, R. R., Moschowits, E., Tønseth, K. A.,
Dartt, D. A., et al. (2022). Hyaluronic acid in the treatment of dry eye disease. Acta
Ophthalmol. 100, 844–860. doi:10.1111/AOS.15159

Inoue, M., and Katakami, C. (1993). The effect of hyaluronic acid on corneal epithelial
cell proliferation. Invest. Ophthalmol. Vis. Sci. 34, 2313–2315.

Izzotti, A., Saccà, S. C., Longobardi, M., and Cartigl, C. (2009). Sensitivity of ocular
anterior chamber tissues to oxidative damage and its relevance to the pathogenesis of
glaucoma. Invest. Ophthalmol. Vis. Sci. 50, 5251–5258. doi:10.1167/IOVS.09-3871

Jurkunas, U. V., Jakobiec, F. A., Shin, J., Zakka, F. R., Michaud, N., and Jethva, R.
(2011). Reversible corneal epitheliopathy caused by vitamin B12 and folate deficiency in
a vegan with a genetic mutation: a new disease. Eye (Lond). 25, 1512–1514. doi:10.1038/
EYE.2011.177

Kruk, J., Kubasik-Kladna, K., and Aboul-Enein, Y. (2015). The role oxidative stress in
the pathogenesis of eye diseases: current status and a dual role of physical activity.Mini
Rev. Med. Chem. 16, 241–257. doi:10.2174/1389557516666151120114605

Lazzara, F., Conti, F., Platania, C. B. M., Eandi, C. M., Drago, F., and Bucolo, C. (2021).
Effects of vitamin D3 and meso-zeaxanthin on human retinal pigmented epithelial cells
in three integrated in vitro paradigms of age-related macular degeneration. Front.
Pharmacol. 12, 778165. doi:10.3389/FPHAR.2021.778165

Lazzara, F., Conti, F., Sasmal, P. K., Alikunju, S., Rossi, S., Drago, F., et al. (2024). Anti-
angiogenic and antioxidant effects of axitinib in human retinal endothelial cells:
implications in diabetic retinopathy. Front. Pharmacol. 15, 1415846. doi:10.3389/
FPHAR.2024.1415846

Lee, Y. J., Wang, M. Y., Lin, M. C., and Lin, P. T. (2016). Associations between vitamin
B-12 status and oxidative stress and inflammation in diabetic vegetarians and
omnivores. Nutrients 8, 118. doi:10.3390/NU8030118

Li, J. M., Chou, H. C., Wang, S. H., Wu, C. L., Chen, Y. W., Lin, S. T., et al. (2013).
Hyaluronic acid-dependent protection against UVB-damaged human corneal cells.
Environ. Mol. Mutagen. 54, 429–449. doi:10.1002/EM.21794

Li, L., Wang, H., Pang, S., Wang, L., Fan, Z., Ma, C., et al. (2023). rhFGF-21 accelerates
corneal epithelial wound healing through the attenuation of oxidative stress and
inflammatory mediators in diabetic mice. J. Biol. Chem. 299, 105127. doi:10.1016/J.
JBC.2023.105127

Ljubimov, A. V., and Saghizadeh, M. (2015). Progress in corneal wound healing. Prog.
Retin. Eye Res. 49, 17–45. doi:10.1016/J.PRETEYERES.2015.07.002

Lushchak, V. I. (2014). Classification of oxidative stress based on its intensity. EXCLI
J. 13, 922–937.

Ma, J., Zhao, L., Yang, Y., Yun, D., Yu-Wai-Man, P., Zhu, Y., et al. (2021).
Associations between regional environment and cornea-related morphology of the

eye in young adults: a large-scale multicenter cross-sectional study. Invest. Ophthalmol.
Vis. Sci. 62, 35. doi:10.1167/IOVS.62.2.35

Macri, A., Scanarotti, C., Bassi, A. M., Giuffrida, S., Sangalli, G., Traverso, C. E., et al.
(2015). Evaluation of oxidative stress levels in the conjunctival epithelium of patients
with or without dry eye, and dry eye patients treated with preservative-free hyaluronic
acid 0.15 % and vitamin B12 eye drops. Graefes Arch. Clin. Exp. Ophthalmol. 253,
425–430. doi:10.1007/S00417-014-2853-6

Marchitti, S. A., Chen, Y., Thompson, D. C., and Vasiliou, V. (2011). Ultraviolet
radiation: cellular antioxidant response and the role of ocular aldehyde dehydrogenase
enzymes. Eye Contact Lens 37, 206–213. doi:10.1097/ICL.0B013E3182212642

Maugeri, G., Bucolo, C., Drago, F., Rossi, S., Di Rosa, M., Imbesi, R., et al. (2021).
Attenuation of high glucose-induced damage in RPE cells through p38MAPK signaling
pathway inhibition. Front. Pharmacol. 12, 684680. doi:10.3389/FPHAR.2021.684680

Maugeri, G., D’Amico, A. G., Amenta, A., Saccone, S., Federico, C., Reibaldi, M., et al.
(2020). Protective effect of PACAP against ultraviolet B radiation-induced human
corneal endothelial cell injury. Neuropeptides 79, 101978. doi:10.1016/J.NPEP.2019.
101978

Maugeri, G., D’Amico, A. G., Giunta, S., Giallongo, C., Tibullo, D., Bucolo, C., et al.
(2022). Activity-Dependent neuroprotective protein (ADNP)-Derived peptide (NAP)
counteracts UV-B radiation-induced ROS formation in corneal epithelium.
Antioxidants Basel, Switz. 11, 128. doi:10.3390/ANTIOX11010128

Maugeri, G., D’Amico, A. G., Magrì, B., Giunta, S., Musumeci, G., Saccone, S., et al.
(2023). Regulation of UV-B-induced inflammatory mediators by activity-dependent
neuroprotective protein (ADNP)-Derived peptide (NAP) in corneal epithelium. Int.
J. Mol. Sci. 24, 6895. doi:10.3390/IJMS24086895

Mikkelsen, K., and Apostolopoulos, V. (2018). B vitamins and ageing. Subcell.
Biochem. 90, 451–470. doi:10.1007/978-981-13-2835-0_15

Navel, V., Sapin, V., Henrioux, F., Blanchon, L., Labbé, A., Chiambaretta, F., et al.
(2022). Oxidative and antioxidative stress markers in dry eye disease: a systematic
review and meta-analysis. Acta Ophthalmol. 100, 45–57. doi:10.1111/AOS.14892

Nishida, T., Nakamura, M., Mishima, H., and Otori, T. (1991). Hyaluronan stimulates
corneal epithelial migration. Exp. Eye Res. 53, 753–758. doi:10.1016/0014-4835(91)
90110-Z

Osae, A. E., Gehlsen, U., Horstmann, J., Siebelmann, S., Stern, M. E., Kumah, D. B.,
et al. (2017). Epidemiology of dry eye disease in Africa: the sparse information, gaps and
opportunities. Ocul. Surf. 15, 159–168. doi:10.1016/J.JTOS.2017.01.001

Ozen, S., Ozer, M. A., and Akdemir, M. O. (2017). Vitamin B12 deficiency evaluation
and treatment in severe dry eye disease with neuropathic ocular pain.Graefes Arch. Clin.
Exp. Ophthalmol. 255, 1173–1177. doi:10.1007/S00417-017-3632-Y

Pauloin, T., Dutot, M., Liang, H., Chavinier, E., Warnet, J. M., and Rat, P. (2009).
Corneal protection with high-molecular-weight hyaluronan against in vitro and in vivo
sodium lauryl sulfate-induced toxic effects. Cornea 28, 1032–1041. doi:10.1097/ICO.
0B013E3181A0A3F8

Pauloin, T., Dutot, M., Warnet, J. M., and Rat, P. (2008). In vitro modulation of
preservative toxicity: high molecular weight hyaluronan decreases apoptosis and
oxidative stress induced by benzalkonium chloride. Eur. J. Pharm. Sci. 34, 263–273.
doi:10.1016/J.EJPS.2008.04.006

Pierce, G. F. (2001). Inflammation in nonhealing diabetic wounds: the space-time
continuum does matter. Am. J. Pathol. 159, 399–403. doi:10.1016/S0002-9440(10)
61709-9

Rodrigues, M., Kosaric, N., Bonham, C. A., and Gurtner, G. C. (2019). Wound
healing: a cellular perspective. Physiol. Rev. 99, 665–706. doi:10.1152/PHYSREV.00067.
2017

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

Samavat, J., Adaikalakoteswari, A., Boachie, J., and Saravanan, P. (2018). Increased
pro-inflammatory cytokine production in vitamin B12 deficient adipocytes. Endocr.
Abstr. 59. doi:10.1530/ENDOABS.59.P158

Sepulveda-Beltran, P. A., Levine, H., Chang, V. S., Gibbons, A., and Martinez, J. D.
(2022). Complications in retinal surgery: a review of corneal changes following
vitreoretinal procedures. Int. Ophthalmol. Clin. 62, 65–77. doi:10.1097/IIO.
0000000000000423

Shimmura, S., Ono, M., Shinozaki, K., Toda, I., Takamura, E., Mashima, Y., et al.
(1995). Sodium hyaluronate eyedrops in the treatment of dry eyes. Br. J. Ophthalmol. 79,
1007–1011. doi:10.1136/BJO.79.11.1007

Shu, D. Y., Chaudhary, S., Cho, K. S., Lennikov, A., Miller, W. P., Thorn, D. C., et al.
(2023). Role of oxidative stress in ocular diseases: a balancing act. Metabolites 13, 187.
doi:10.3390/METABO13020187

Simonenko, S. Y., Bogdanova, D. A., and Kuldyushev, N. A. (2024). Emerging roles of
vitamin B12 in aging and inflammation. Int. J. Mol. Sci. 25, 5044. doi:10.3390/
IJMS25095044

Song, P., Xia, W.,Wang, M., Chang, X., Wang, J., Jin, S., et al. (2018). Variations of dry
eye disease prevalence by age, sex and geographic characteristics in China: a systematic
review and meta-analysis. J. Glob. Health 8, 020503. doi:10.7189/JOGH.08.020503

Frontiers in Pharmacology frontiersin.org10

Lazzara et al. 10.3389/fphar.2025.1548213

https://doi.org/10.3390/nu13061998
https://doi.org/10.1016/J.PHRS.2015.07.006
https://doi.org/10.1038/SJ.JID.5700890
https://doi.org/10.1038/SJ.JID.5700890
https://doi.org/10.1136/BJO.2003.027573
https://doi.org/10.3945/AJCN.112.057091
https://doi.org/10.1016/0014-4835(80)90094-9
https://doi.org/10.1016/0014-4835(80)90094-9
https://doi.org/10.3390/NU15122734
https://doi.org/10.1039/D1CS00044F
https://doi.org/10.2147/OPTH.S1439
https://doi.org/10.2147/OPTH.S1439
https://doi.org/10.1136/BJO.86.9.1058
https://doi.org/10.1136/BJO.86.9.1058
https://doi.org/10.1177/0004563212473279
https://doi.org/10.1177/0004563212473279
https://doi.org/10.1111/AOS.15159
https://doi.org/10.1167/IOVS.09-3871
https://doi.org/10.1038/EYE.2011.177
https://doi.org/10.1038/EYE.2011.177
https://doi.org/10.2174/1389557516666151120114605
https://doi.org/10.3389/FPHAR.2021.778165
https://doi.org/10.3389/FPHAR.2024.1415846
https://doi.org/10.3389/FPHAR.2024.1415846
https://doi.org/10.3390/NU8030118
https://doi.org/10.1002/EM.21794
https://doi.org/10.1016/J.JBC.2023.105127
https://doi.org/10.1016/J.JBC.2023.105127
https://doi.org/10.1016/J.PRETEYERES.2015.07.002
https://doi.org/10.1167/IOVS.62.2.35
https://doi.org/10.1007/S00417-014-2853-6
https://doi.org/10.1097/ICL.0B013E3182212642
https://doi.org/10.3389/FPHAR.2021.684680
https://doi.org/10.1016/J.NPEP.2019.101978
https://doi.org/10.1016/J.NPEP.2019.101978
https://doi.org/10.3390/ANTIOX11010128
https://doi.org/10.3390/IJMS24086895
https://doi.org/10.1007/978-981-13-2835-0_15
https://doi.org/10.1111/AOS.14892
https://doi.org/10.1016/0014-4835(91)90110-Z
https://doi.org/10.1016/0014-4835(91)90110-Z
https://doi.org/10.1016/J.JTOS.2017.01.001
https://doi.org/10.1007/S00417-017-3632-Y
https://doi.org/10.1097/ICO.0B013E3181A0A3F8
https://doi.org/10.1097/ICO.0B013E3181A0A3F8
https://doi.org/10.1016/J.EJPS.2008.04.006
https://doi.org/10.1016/S0002-9440(10)61709-9
https://doi.org/10.1016/S0002-9440(10)61709-9
https://doi.org/10.1152/PHYSREV.00067.2017
https://doi.org/10.1152/PHYSREV.00067.2017
https://doi.org/10.1016/J.EXER.2014.01.017
https://doi.org/10.1530/ENDOABS.59.P158
https://doi.org/10.1097/IIO.0000000000000423
https://doi.org/10.1097/IIO.0000000000000423
https://doi.org/10.1136/BJO.79.11.1007
https://doi.org/10.3390/METABO13020187
https://doi.org/10.3390/IJMS25095044
https://doi.org/10.3390/IJMS25095044
https://doi.org/10.7189/JOGH.08.020503
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1548213


Suzuki, K., Saito, J., Yanai, R., Yamada, N., Chikama, T. I. H., Seki, K., et al. (2003).
Cell-matrix and cell-cell interactions during corneal epithelial wound healing. Prog.
Retin. Eye Res. 22, 113–133. doi:10.1016/S1350-9462(02)00042-3

Um, S. B., Kim, N. H., Lee, H. K., Song, J. S., and Kim, H. C. (2014). Spatial
epidemiology of dry eye disease: findings from South Korea. Int. J. Health Geogr. 13, 31.
doi:10.1186/1476-072X-13-31

van de Lagemaat, E. E., de Groot, L. C. P. G. M., and van den Heuvel, E. G. H. M.
(2019). Vitamin B12 in relation to oxidative stress: a systematic review. Nutrients 11,
482. doi:10.3390/NU11020482

Vitar, R. M. L., Bonelli, F., Rama, P., and Ferrari, G. (2022). Nutritional and metabolic
imbalance in keratoconus. Nutrients 14, 913. doi:10.3390/NU14040913

Wang, G., Yang, F., Zhou, W., Xiao, N., Luo, M., and Tang, Z. (2023a). The initiation
of oxidative stress and therapeutic strategies in wound healing. Biomed. Pharmacother.
157, 114004. doi:10.1016/J.BIOPHA.2022.114004

Wang, Q., He, F., and Wu, L. (2023b). NLRX1 increases human retinal pigment
epithelial autophagy and reduces H2O2-induced oxidative stress and inflammation by
suppressing FUNDC1 phosphorylation and NLRP3 activation. Allergol. Immunopathol.
Madr. 51, 177–186. doi:10.15586/AEI.V51I1.766

Wang, Z., Qi, F., Luo, H., Xu, G., and Wang, D. (2022). Inflammatory
microenvironment of skin wounds. Front. Immunol. 13, 789274. doi:10.3389/
FIMMU.2022.789274

Wu, H., Zhang, H., Wang, C., Wu, Y., Xie, J., Jin, X., et al. (2011). Genoprotective
effect of hyaluronic acid against benzalkonium chloride-induced DNA damage in
human corneal epithelial cells. Mol. Vis. 17, 3364–3370.

Yamashiki, M., Nishimura, A., and Kosaka, Y. (1992). Effects of methylcobalamin
(vitamin B12) on in vitro cytokine production of peripheral blood mononuclear cells.
J. Clin. Lab. Immunol. 37, 173–182.

Yang, J., Liu, Y., Xu, Y., Li, X., Fu, J., Jiang, X., et al. (2019). A new approach of ocular
nebulization with vitamin B12 versus oxytocin for the treatment of dry eye disease: an in vivo
confocal microscopy study.Drug Des. devel. Ther. 13, 2381–2391. doi:10.2147/DDDT.S203464

Zhao, W., He, X., Liu, R., and Ruan, Q. (2023). Accelerating corneal wound healing
using exosome-mediated targeting of NF-κB c-Rel. Inflamm. Regen. 43, 6. doi:10.1186/
S41232-023-00260-Y

Zuo, L., Prather, E. R., Stetskiv, M., Garrison, D. E., Meade, J. R., Peace, T. I., et al.
(2019). Inflammaging and oxidative stress in human diseases: from molecular
mechanisms to novel treatments. Int. J. Mol. Sci. 20, 4472. doi:10.3390/IJMS20184472

Frontiers in Pharmacology frontiersin.org11

Lazzara et al. 10.3389/fphar.2025.1548213

https://doi.org/10.1016/S1350-9462(02)00042-3
https://doi.org/10.1186/1476-072X-13-31
https://doi.org/10.3390/NU11020482
https://doi.org/10.3390/NU14040913
https://doi.org/10.1016/J.BIOPHA.2022.114004
https://doi.org/10.15586/AEI.V51I1.766
https://doi.org/10.3389/FIMMU.2022.789274
https://doi.org/10.3389/FIMMU.2022.789274
https://doi.org/10.2147/DDDT.S203464
https://doi.org/10.1186/S41232-023-00260-Y
https://doi.org/10.1186/S41232-023-00260-Y
https://doi.org/10.3390/IJMS20184472
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1548213

	Corneal protective effects of a new ophthalmic formulation based on vitamin B12 and sodium hyaluronate
	1 Introduction
	2 Materials and methods
	2.1 Ophthalmic formulations
	2.2 Cell culture and experimental groups
	2.3 Cell viability assay
	2.4 LDH cytotoxicity assay
	2.5 Detection of ROS
	2.6 Scratch wound healing assay
	2.7 Extraction of total ribonucleic acid and cDNA synthesis
	2.8 Real-time PCR
	2.9 Statistical analysis

	3 Results
	3.1 Effects of ocular formulations against oxidative stress
	3.2 Effect of ocular formulations on the modulation of inflammatory cytokines (IL-1β and TNF-α) after H2O2 challenge
	3.3 Effect of formulations on the modulation of inflammatory cytokines (IL-1β and TNF-α) after UV-B challenge
	3.4 Effect of ocular formulations on SIRC cells wound repair

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


