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Abstract 28 

Stem cell-based therapies have gained recently increasing attention as potential 29 

treatment options for retinal diseases, including glaucoma. Among these approaches, 30 

the secretome or the conditioned medium (CM) derived from mesenchymal stromal 31 

cells (MSCs) represents a promising cell-free therapeutic alternative due to its 32 

regenerative and immunomodulatory properties. However, prior to exploring 33 

therapeutic efficacy in animal disease models, its ocular and systemic safety must be 34 

established. The present study aimed to evaluate the tolerance of human umbilical cord 35 

(hUC) MSCs-derived CM following subconjunctival (SbC) and intravitreal (ITV) 36 

administration in healthy Wistar Hannover rats. Twenty-four adult male rats were 37 
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randomly assigned to four experimental groups based on administration route (SbC or 38 

ITV) and euthanasia timepoint (5 or 28 days). CM was administered unilaterally to the 39 

right eye, with the contralateral eye serving as an internal control. Ocular tolerance was 40 

assessed through comprehensive ophthalmic examination, intraocular pressure (IOP) 41 

monitoring, electroretinography (ERG), and histological evaluation of ocular tissues. 42 

Systemic safety was evaluated through histopathological analysis of liver, kidney, and 43 

spleen samples. No relevant persistent ocular abnormalities or sustained IOP changes 44 

were observed. Retinal function remained largely preserved, although ITV 45 

administration induced mild alterations in selected electrophysiological parameters. 46 

Histological analysis revealed overall preservation of the retinal architecture, despite a 47 

reduction in outer nuclear layer thickness in ITV groups at the later timepoint. 48 

Histopathological examination of systemic organs showed preserved tissue 49 

architecture with only mild incidental findings. Overall, these results support the 50 

ocular and systemic tolerability of MSCs CM in healthy rats, with SbC delivery 51 

showing a more stable functional and structural profile. 52 

Keywords: secretome/conditioned medium, glaucoma, ocular tolerance, 53 

electroretinography, mesenchymal stromal cells, subconjunctival/intravitreal route. 54 

1. Introduction 55 

Retinal diseases encompass a heterogeneous group of degenerative and ischemic 56 

conditions that lead to retinal cell apoptosis and progressive loss of retinal structural 57 

integrity. Among these diseases, diabetic retinopathy, age-related macular 58 

degeneration, retinitis pigmentosa and glaucoma, are particularly relevant, as they 59 

represent major causes of irreversible visual impairment and blindness worldwide, 60 

with glaucoma being especially significant in both human and canine patients (1–5). 61 
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Glaucoma is a leading cause of irreversible blindness and chronic pain worldwide. 62 

This disease is characterized by progressive optic neuropathy, in which apoptosis of 63 

retinal ganglion cells (RGCs) results in gradual vision loss. Once initiated, RGCs 64 

degeneration continues and is accompanied by progressive structural and functional 65 

alterations in the optic nerve head, including optic disc cupping and thinning of both 66 

the retinal nerve fiber layer and the neuroretinal rim, reflecting the chronic and 67 

progressive nature of this disease (6).  68 

Current therapeutic strategies for glaucoma primarily focus on lowering 69 

intraocular pressure (IOP) through pharmacological, laser, or surgical approaches. 70 

Although these interventions can delay the disease progression, they do not directly 71 

target neurodegeneration or promote retinal neuroprotection and tissue repair. 72 

Consequently, vision loss may continue despite adequate IOP control, highlighting the 73 

need for alternative therapeutic strategies targeting neuroprotection and 74 

neuroregeneration (7,8). 75 

Lately, regenerative medicine and cell-based therapies have emerged as 76 

promising tools in ophthalmic research, especially regarding retinal diseases, with 77 

increasing interest in stem cells or their bioproducts. Several therapeutic strategies have 78 

been explored, including stem cell transplantation as well as cell-free approaches based 79 

on stem cell-derived products, such as secretome and extracellular vesicles, including 80 

exosomes (9,10). These approaches aim to exploit the regenerative and 81 

immunomodulatory properties of stem cells while avoiding some of the limitations 82 

associated with direct cell transplantation, such as ethical concerns, tumorigenic 83 

potential, or immune rejection. Growing evidence indicates that the secretome released 84 

by mesenchymal stromal cells (MSCs) contains a complex mixture of bioactive factors, 85 

cytokines, growth factors, and chemokines, capable of modulating inflammation (11), 86 
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supporting neuronal survival by inhibiting apoptosis (12) and fibrosis (13), while 87 

maintaining retinal homeostasis. Consequently, MSC-derived secretome has emerged 88 

as a promising complementary therapeutic strategy in glaucoma research. 89 

Accordingly, the aim of this study was to evaluate the ocular and systemic 90 

tolerance of human umbilical cord (hUC)-MSCs secretome following subconjunctival 91 

(SbC) or intravitreal (ITV) administration in healthy Wistar Hannover adult male 92 

albino rats. Conditioned medium (CM) refers to the culture medium enriched with 93 

factors released by cells, under controlled in vitro conditioning settings (in vitro 94 

preconditioning), whereas the term secretome more precisely describes the full 95 

spectrum of bioactive molecules actively secreted by those cells (14–17). These factors 96 

are produced in response to specific environmental stimuli or stressors, such as 97 

hypoxia, priming with cytokines, or nutrient deprivation, which can enhance their 98 

immunomodulatory, neuroprotective, and tissue repair properties (16,17). Establishing 99 

the safety and tolerability of these cell-free products under physiological conditions is 100 

a critical step before exploring their therapeutic potential in experimental disease 101 

models, including glaucoma. 102 

2. Materials and Methods 103 

2.1 Animals and Ethical Approval 104 

All experimental procedures involving animals were reviewed and approved by 105 

the Organism Responsible for Animal Welfare (ORBEA) of the Faculdade de Medicina 106 

Veterinária, University of Lisbon (FMV-ULisboa) (Project No./Ref. 005/2023/ORBEA-107 

FMV-ULisboa), as well as by the General Directorate of Food and Veterinary (Direção 108 

Geral de Alimentação e Veterinária – DGAV). All experiments were conducted in 109 

compliance with national legislation (Decree-Law No. 113/2013) and with Directive 110 

2010/63/EU of the European Parliament, and followed the OECD Guidance Document 111 
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on the Recognition, Assessment and Use of Clinical Signs as Humane Endpoints for 112 

Experimental Animals in Safety Evaluation (2000), and the ARRIVE 2.0 guidelines. 113 

Every effort was made to minimize animal discomfort and pain, and predefined 114 

humane endpoints were strictly applied to safeguard animal welfare. In accordance 115 

with the principles of Replacement, Reduction and Refinement (3Rs), the same cohort 116 

of animals was used to obtain data for two complementary experimental studies, 117 

thereby reducing the total number of animals required while maximizing the scientific 118 

output from each subject. 119 

2.2 Reagents, drugs and equipment 120 

Healthy adult male Wistar Hannover rats (mean body weight of 330 ± 55 g), 121 

obtained from Charles River Laboratories (Barcelona, Spain), were included in this 122 

study. Before the inclusion, all animals underwent a complete ophthalmic examination, 123 

and those without ocular abnormalities were selected. All ophthalmic examinations 124 

and experimental procedures were performed at the Faculty of Veterinary Medicine, 125 

University of Lisbon, using dedicated equipment, including a rebound tonometer 126 

(Tonolab®, Icare, Finland), an electroretinography system (RETIcom, Roland Consult, 127 

Stasche & Finger GmbH, Brandenburg, Germany), a slit lamp (Hawk Eye®, Dioptrix, 128 

France), a PanOptic® ophthalmoscope (WelchAllynHillrom, Chicago, IL, USA), a 129 

binocular magnifier (Carl Zeiss®, Oberkochen, Germany) and a surgical microscope 130 

(OPMI Lumera i®, Carl Zeiss Surgical GmbH, Germany). 131 

CM was obtained from hUC-MSCs acquired from a certified commercial supplier 132 

(PromoCell®, Heidelberg, Germany), which had been previously fully characterized in 133 

vitro (18,19). Cells were expanded under standard culture conditions, and CM was 134 

collected and stored after 48 hours according to previously established and validated 135 

protocols of the research group (19,20). 136 
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All pharmacological drugs used in this study were available at the FMV-ULisboa. 137 

These included ketamine (Ketamidor® 100 mg/mL, Richter Pharma, Wels, Austria), 138 

medetomidine (Domitor® 1 mg/mL, Orion Corporation, Espoo, Finland), atipamezole 139 

(Antisedan® 5 mg/mL, Zoetis, NJ, USA), sodium pentobarbital (Euthasol® 400 mg/mL, 140 

Animalcare Group, North Yorkshire, UK), oxybuprocaine hydrochloride (Anestocil®, 141 

Edol, Lisbon, Portugal), and a carbomer-based ocular gel (Lubrithal®, Dechra, 142 

Northwich, UK). Histological processing of tissue sections, including hematoxylin and 143 

eosin (H&E) staining, was performed using a Thermo Scientific Gemini™ AS slide 144 

stainer (MA, USA). 145 

2.3 Experimental Design 146 

A total of 24 male Wistar Hannover adult rats were randomly allocated into four 147 

experimental groups (n = 6 per group) using a simple randomization procedure prior 148 

to CM administration. The number of animals included in each group was defined 149 

based on previous ocular tolerance studies and ethical considerations in accordance 150 

with the principles of Reduction (3Rs), aiming to minimize animal use while ensuring 151 

adequate assessment of ocular and systemic safety endpoints. Animals were housed in 152 

type IV cages (floor area: 1875 cm²) fitted with stainless-steel wire lids. Animals had ad 153 

libitum access to standard laboratory chow and water, adapted to their physiological 154 

needs. Housing conditions were controlled, with a 12 h light/dark cycle, ambient 155 

temperature maintained at 20 ± 2 °C, and relative humidity ranging between 50 and 156 

60%. 157 

Experimental groups were defined according to the route of CM administration 158 

and the euthanasia timepoint. CM was administered unilaterally to the right eye (OD) 159 

of each animal, either through the SbC route (Groups 1 and 2) or the ITV route (Groups 160 

3 and 4). Animals were euthanized at 5 days (Groups 1 and 3) or 28 days (Groups 2 and 161 
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4) post-administration. The contralateral (left) eye (OS) did not receive CM and served 162 

as an internal control for each animal. 163 

The primary outcome measures were retinal function (Electroretinography – 164 

ERG), IOP and retinal histological integrity. Secondary outcome measures included 165 

clinical ophthalmic findings and histopathological evaluation of systemic organs. 166 

2.4 Ophthalmic examination 167 

Prior to study inclusion, all animals (n = 24) underwent a complete ophthalmic 168 

evaluation. This assessment included intraocular pressure (IOP) measurement using a 169 

rebound tonometer (Tonolab®, Icare, Finland), slit-lamp biomicroscopic examination of 170 

the anterior segment (Hawk Eye®, Dioptrix, France), and fundoscopic evaluation of the 171 

posterior segment using a PanOptic® ophthalmoscope (Welch Allyn–Hillrom, 172 

Skaneateles Falls, NY, USA). No animals or data points were excluded after group 173 

allocation, and all animals completed the study protocol.  174 

Following CM administration, complete ophthalmic examinations were carried 175 

out at predefined timepoints, namely at 5 and 28 days post-administration. In animals 176 

receiving ITV injections, IOP was measured immediately after CM administration and 177 

again 1h post-procedure to monitor for potential transient changes associated with the 178 

invasiveness of this route. Additionally, in all animals, IOP measurements were 179 

performed at 1 and 2 days following CM administration. 180 

2.5 Electroretinography (ERG)  181 

ERG is a widely used method to assess retinal function by measuring its electrical 182 

response to light stimuli. In this study, ERG was employed to evaluate the impact of 183 

different CM administration routes on retinal function in healthy rats, to determine 184 

which administration route would be the safest approach (SbC or ITV). 185 

Flash ERG recordings were obtained in all animals at two time points: baseline 186 

recording (prior to CM administration) to confirm normal retinal function, and the 187 
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second recording was performed prior to euthanasia. The ERG protocol followed 188 

established methodologies previously described in the literature (21,22), allowing for 189 

the evaluation of rod and cone activity through measurements of a-wave and b-wave 190 

amplitudes (in μV) in response to light stimuli. Animals were dark-adapted for 12 191 

hours (overnight) before each ERG session. 192 

General anesthesia was required to guarantee total immobilization during the 193 

procedure, using an intraperitoneal injection of ketamine (70 mg/kg) and 194 

medetomidine (0.8 mg/kg). Active electrodes with silver wire tips were positioned on 195 

the corneas of both eyes (Figure 1-A) after the application of one drop of oxybuprocaine 196 

(Anestocil®, Edol, Lisbon, Portugal), followed by a drop of a lubricant carbomer-based 197 

gel (Lubrithal®, Dechra, Northwich, United Kingdom) to ensure proper contact and 198 

corneal lubrication. 199 

Figure 1.  Electroretinography (ERG) set: (A) active electrodes (red) with silver tips placed on 200 

corneas; (B) reference electrodes (blue) placed next to the ears and head positioning inside the 201 

MiniGanzfeld stimulator; (C) ground electrode (black) placed at the base of the tail and the 202 

final ERG electrode and stimulator positioning. 203 

Reference electrodes were inserted subcutaneously, with their tips placed between 204 

the ear and lateral canthus on both sides of the head, while the ground electrode was 205 

positioned at the base of the tail (Figure 1-C). A heating pad was used to maintain the 206 

animal’s body temperature, which was regularly monitored. For light stimulation, a 207 

(A)  (B)  (C)  
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Mini Ganzfeld device was fitted over the animal’s head (Figure 1-B and 1-C). Signals 208 

were recorded separately for each eye, ensuring impedance values below 5 kΩ within 209 

a frequency range of 0.1–1000 Hz (with 0 dB corresponding to 3 cd·s/m²). 210 

Each ERG session lasted approximately 75 minutes and was divided into five 211 

phases. The first phase, scotopic luminance response (SLR), included nine flash 212 

intensities ranging from –35 dB to +5 dB, each delivered three times at a frequency of 213 

0.1 Hz. This was followed by the photopic adaptation (PA) phase, where the flash 214 

intensity was based on the maximum b-wave amplitude obtained in the SLR. Flashes 215 

were applied three times at 1.3 Hz at 0, 2, 4, 8, and 16 minutes of light adaptation. 216 

The third phase, photopic luminance response (PLR), involved light flashes of nine 217 

different intensities (from –35 dB to +5 dB), delivered three times at 1.3 Hz after light 218 

adaptation. Then, the photopic flicker phase presented flashes at 0, –5, –10, and –15 dB, 219 

delivered at 6.3 Hz following 10 minutes of light exposure. The final phase, scotopic 220 

adaptation (SA), used dim white flashes delivered three times at 1.3 Hz at 0, 2, 4, 8, 16, 221 

and 32 minutes of dark adaptation. 222 

Rod function was evaluated using low-intensity flashes under dark-adapted 223 

conditions -scotopic - (–35 dB = –3.02 log cd·s/m²), while cone function was assessed 224 

through exposure to high-intensity flashes (+5 dB = 0.98 log cd·s/m²) and 6.3 Hz flicker 225 

stimulation under light-adapted (photopic) conditions. 226 

In summary, the ERG protocol comprised the following phases: 227 

1. SLR: Assessing rod photoreceptor response at increasing light intensities; 228 

2. PA: Measuring cone function at different adaptation times; 229 

3. PLR: Evaluating cone photoreceptor response at increasing light intensities; 230 

4. PF: Assessing response to flickering light stimuli; 231 

5. SA: Measuring rod function over time. 232 
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For each ERG phase, data were recorded separately for the OD and OS, analyzing 233 

both a-wave (photoreceptor response) and b-wave (bipolar cell response). 234 

2.6 CM production and administration 235 

hUC-MSCs were expanded under standard culture conditions until reaching 70-236 

80% confluence. Cells were then washed with a phosphate buffered saline solution 237 

(PBS), and CM was generated by incubating the cells in serum-free DMEM/F12 238 

GlutaMAX™ medium (10565018, Gibco®) for 48 h. After collection, CM was centrifuged 239 

to remove cellular debris, and the resulting supernatant was stored frozen at −80 °C 240 

until further use. 241 

At the end of the baseline ERG, after confirming normal retinal function, SbC or ITV 242 

administration of hUC-MSC–derived CM was performed under anesthesia, according 243 

to group allocation. CM was administered unilaterally to the OD, while the OS served 244 

as an untreated negative control. Due to the nature of the procedures, investigators 245 

performing CM administration and ophthalmic examinations were aware of group 246 

allocation.  247 

SbC administration (Figure 2-A) was carried out using an insulin syringe fitted with 248 

a 29-gauge needle, with a total volume of 50 µL delivered across three distinct SbC sites 249 

under binocular magnification. ITV injections (Figure 2-B) were performed under a 250 

(A)  (B)  
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surgical microscope, with a total injection volume of 5 µL. At the end of the procedure, 251 

anesthesia was reversed by subcutaneous administration of atipamezole (2.5 mg/kg). 252 

Figure 2. SbC (A) and ITV (B) administration of CM from hUC-MSCs in the OD of two rats, 253 

under general anesthesia. 254 
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2.7 Euthanasia and Tissue Collection 255 

Animals were euthanized at predefined timepoints: 5 days (n = 12) and 28 days (n 256 

= 12) following CM administration. Euthanasia was performed by intraperitoneal 257 

administration of sodium pentobarbital (150 mg/kg). Prior to euthanasia, animals 258 

underwent a second ERG evaluation under anesthesia. Immediately after euthanasia, 259 

both eyes were carefully enucleated. The optic nerve and globe orientation were 260 

marked using tissue dyes to ensure correct anatomical orientation during histological 261 

processing (Figure 3). Enucleated eyes were fixed by intraocular injection and 262 

immersion in 10% (v/v) formaldehyde and subsequently embedded in paraffin. 263 

Figure 3. Orientation of the rat ocular globe using tissue dyes. Tissue dyes were applied 264 

immediately after enucleation to preserve anatomical orientation during histological processing. 265 

Red dye was placed on the dorsal surface of the globe, blue dye on the ventral surface, and green 266 

dye on the medial and lateral aspects, shown in the frontal view (A). In the caudal view (B), the 267 

green-marked area allows identification of the transected optic nerve, facilitating consistent 268 

orientation of histological sections. 269 

In addition, liver, kidney, and spleen samples were collected at the time of 270 

euthanasia to assess potential systemic toxicity or histopathological alterations 271 

associated with CM administration. 272 

2.8 Histological Evaluation 273 

Following paraffin embedding of the ocular globes, routine histological processing 274 

was performed using hematoxylin and eosin (H&E) staining. Serial transverse sections 275 

of 3 µm thickness were obtained from both eyes using a microtome, and four 276 

(A)  (B)  
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representative sections per eye were selected for comprehensive histopathological 277 

assessment. The resulting H&E‑stained slides were subsequently digitized using a 278 

whole‑slide imaging system. Histological measurements were performed in a blinded 279 

manner using coded digital slides.  280 

Digital retinal thickness measurements were performed using QuPath (version 281 

0.6.0, University of Edinburgh, UK). Histological evaluation focused on three 282 

predefined parameters: total retinal thickness, inner nuclear layer (INL) thickness, and 283 

outer nuclear layer (ONL) thickness. All measurements were conducted in a 284 

standardized and blinded manner, with comparisons made between treated and 285 

contralateral control eyes, between administration routes (SbC vs. ITV), and between 286 

euthanasia timepoints (5 vs. 28 days). 287 

In addition, the representative samples from the liver, kidneys, and spleen were 288 

formalin‑fixed, paraffin‑embedded, sectioned, and stained with H&E to assess 289 

potential systemic toxicity or treatment‑related histopathological alterations associated 290 

with CM administration.291 
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2.9 Statistical Analysis 292 

Data were analyzed using GraphPad Prism 10 (version 10.5.0; GraphPad Software, 293 

La Jolla, CA, USA). Retinal thickness measurements were obtained using QuPath 294 

(version 0.6.0; University of Edinburgh, UK) and subsequently analyzed in GraphPad 295 

Prism. 296 

IOP measurements obtained at baseline (day 0), day 1, day 2, and at euthanasia, 297 

were analyzed using two-way ANOVA to assess the effects of time and experimental 298 

group, followed by Tukey’s multiple comparisons test. 299 

ERG data were analyzed using simple linear regression to model the relationship 300 

between stimulus intensity/time and ERG wave amplitude. Comparisons between 301 

experimental groups were performed by evaluating differences in regression slopes 302 

and fitted curves, where applicable. 303 

Retinal layers thicknesses were analyzed using two-way ANOVA to evaluate the 304 

effects of administration route (SbC vs. ITV), time point (5 vs. 28 days), and eye (OD 305 

vs. control OS). Multiple comparisons were performed using Tukey’s multiple 306 

comparisons test for overall group comparisons and Šídák’s multiple comparisons test 307 

for predefined pairwise comparisons, including treated versus control eyes, 308 

administration routes, and timepoints. 309 

Differences were considered statistically significant at p < 0.05. Statistical 310 

significance is indicated in the figures using one, two, three, or four asterisks 311 

corresponding to 0.01 ≤ p < 0.05; 0.001 ≤ p < 0.01; 0.0001 ≤ p < 0.001; and p < 0.0001, 312 

respectively. 313 

Morphological evaluation of ocular tissues and systemic organs (spleen, liver, and 314 

kidney) was performed descriptively based on histological examination. 315 
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Statistical analyses were conducted using anonymized datasets whenever 316 

possible. 317 

3. Results 318 

3.1 Ophthalmic examination  319 

Preliminary tolerance evaluations showed no significant alterations in animal well-320 

being following CM administration, using the Grimace scale. No ocular surface or 321 

anterior chamber abnormalities were observed throughout the study, except for two 322 

cases of cataracts. Those animals developed unilateral mature cataracts during the 323 

follow-up period, clinically characterized as complete lens opacification and 324 

subsequent leucocoria in the right eye following ITV CM administration (Figure 4). 325 

Figure 4. Right unilateral leucocoria due to a total mature cataract that developed in two rats after 326 

ITV administration of CM.   327 

Slit-lamp examination revealed no conjunctival hyperemia, chemosis, corneal edema, 328 

epithelial defects, anterior chamber flare, hyphema, or hypopyon.  329 

Fundoscopic evaluation showed no retinal detachment, vitreous opacities, 330 

hemorrhages, vascular abnormalities, or optic nerve head alterations in any of the 331 

examined eyes. 332 
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All animals maintained normal behavior and showed no signs of ocular pain or distress 333 

during the experimental period. 334 

3.2 IOP measurements 335 

Before CM administration, the mean IOP was 12.08 ± 2.11 mmHg in the OD and 12.88 336 

± 2.37 mmHg in the OS, measured immediately after sedation. At the time of euthanasia, 337 

mean IOP values were 10.96 ± 1.29 mmHg (OD) and 11.50 ± 0.69 mmHg (OS). Occasional 338 

values fell below 10 mmHg, which was considered expected under sedation and consistent 339 

with the experimental conditions. 340 

Baseline IOP values were comparable between OD and OS and remained within the 341 

physiological range (10-20 mmHg) throughout the study. As illustrated in Figure 5, IOP 342 

values in treated eyes exhibited mild fluctuations over time across all groups. Although 343 

some variability was observed between timepoints, no progressive IOP increase was 344 

detected following CM administration via either SbC (Groups 1 and 2) or ITV (Groups 3 345 

and 4) routes. Group 2 presented higher mean IOP values at baseline and at day 2 346 

compared to the remaining groups. However, these values decreased by the time of 347 

euthanasia. Group 3 showed a transient reduction on day 1 followed by gradual 348 

stabilization overtime, while Groups 1 and 4 demonstrated relatively stable IOP values. 349 
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Figure 5. Evolution of IOP in the OD across experimental groups. The graph illustrates the mean 350 

IOP values (mmHg) for the treated eye in all groups at different timepoints: Day 0 (before CM 351 

administration), Day 1, Day 2, and euthanasia. Each line represents a specific experimental group, 352 

where OD received the CM via SbC (Groups 1 and 2) or ITV (Groups 3 and 4) route. The data 353 

highlight trends and variations in IOP over time, with all groups maintaining values largely within 354 

or near the physiological range for Wistar Hannover rats (10-20 mmHg). Significant variations are 355 

noted within certain groups but remain consistent with the experimental setup and sedation 356 

conditions. 357 

Statistical comparisons within OD values are shown in Figure 6. Significant differences 358 

between specific time points were identified within certain groups. These differences were 359 

observed primarily between baseline and later time points and between day 2 and 360 

euthanasia. However, these variations were transient and not indicative sustained IOP 361 

elevation. Importantly, all values remained within the expected physiological range for 362 

sedated animals. 363 

Figure 6. Intra-group statistical comparisons of IOP in the OD across experimental groups. Bar 364 

graph representing the mean IOP values (mmHg) for the OD in all experimental groups at different 365 

timepoints: Day 0 (before CM administration), Day 1, Day 2, and euthanasia. Groups 1 and 2 received 366 

CM via the SbC route, whereas Groups 3 and 4 received CM via the ITV route. Bars represent mean 367 

± SD. Statistically significant differences between specific timepoints within the same group are 368 

indicated by ** (0.001 ≤ p < 0.01), as determined by two-way ANOVA followed by appropriate post 369 

hoc comparisons. Despite statistically significant variations, IOP values remained within the 370 

physiological range for Wistar Hannover rats under sedation. 371 
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In the OS, temporal patterns were similar, as depicted in Figure 7. Mild fluctuations 372 

were observed, particularly in Groups 1 and 2, which showed slightly higher baseline 373 

values followed by a reduction at euthanasia. Groups 3 and 4 remained comparatively 374 

stable throughout the study.  375 

Figure 7. Evolution of IOP in the OS across experimental groups. Line graph illustrating the mean 376 

IOP values (mmHg) for the OS in all experimental groups at different timepoints: Day 0, Day 1, Day 377 

2, and euthanasia. The OS served as an internal control and did not receive CM administration. 378 

Groups 1 and 2 correspond to the SbC route, while Groups 3 and 4 correspond to the ITV route in 379 

the OD. The data demonstrate mild temporal fluctuations, with values remaining largely within the 380 

physiological range for Wistar Hannover rats (10–20 mmHg), consistent with the experimental and 381 

sedation conditions. 382 

As shown in Figure 8, statistically significant differences between selected time points 383 

were also detected within certain control groups. Nevertheless, these changes were not 384 

progressive and did not indicate persistent deviation from physiological IOP levels. Given 385 

that OS did not receive CM administration, these variations are most likely attributable to 386 

physiological variability and sedation rather than treatment-related alterations. 387 

 388 
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Figure 8. Intra-group statistical comparisons of IOP in the OS across experimental groups. Bar 389 

graph representing the mean IOP values (mmHg) for the OS across all experimental groups at the 390 

evaluated timepoints. The values are represented as mean ± SD. Statistically significant differences 391 

between selected timepoints within the same group are indicated by ** (0.001 ≤ p < 0.01), as 392 

determined by two-way ANOVA followed by appropriate post hoc testing. As the OS did not receive 393 

CM administration, the observed variations likely reflect physiological variability and the effects of 394 

sedation rather than treatment-related alterations. All values remained within the expected 395 

physiological range.  396 

 397 

3.3 Electroretinography (ERG) 398 

To further explore functional retinal tolerance following CM administration, the 399 

relationship between stimulus intensity (or adaptation time) and ERG amplitude was 400 

analyzed using linear regression models. This approach enabled a detailed assessment of 401 

how the retinal response pattern evolved before and after treatment, providing 402 

complementary information to the amplitude and IOP results previously described. 403 

Linear regression analysis were performed for each experimental group, ERG phase 404 

and wave (a- and b-waves). Slopes of the intensity-response (or time-response, in 405 

adaptation stages) correlations obtained before and after CM administration were 406 
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compared within each group, to determine whether CM administration induced retinal 407 

functional alterations. 408 

Although most slope comparisons did not have statistical significance, visual 409 

inspection of regression plots revealed subtle curve displacements and amplitude 410 

variations between pre- and post-treatment recordings, particularly in the ITV groups. 411 

These tendencies, while not statistically confirmed, may reflect minor fluctuations in 412 

retinal excitability or adaptive responses following CM exposure. Overall, the absence of 413 

measurable slope differences supports preserved retinal function for most conditions. All 414 

slope values are summarized in Table 1, and detailed regression plots comparisons are 415 

provided in Supplementary Material (Figures S1 – non-significant comparison – and S2 416 

to S12 – significant comparisons – detailed in 3.3.1 and 3.3.2). 417 

To address the two main objectives of this study, only the statistically significant 418 

comparisons between pre- and post-treatment regressions, are described below, including: 419 

(1) the comparison between SbC and ITV administration at each timepoint (5 and 28 days), 420 

and (2) the comparison between timepoints (5 vs. 28 days) within each route. 421 

 422 

3.3.1 Comparison of administration routes 423 

Retinal responses obtained after SbC and ITV CM administration were compared. 424 

3.3.1.1 Subconjunctival vs. Intravitreal administration at 5 days: 425 

3.3.1.1.1 SLR wave a – SbC vs ITV  426 

Linear regression analysis of the a-wave amplitude in the SLR stage was performed to 427 

compare retinal function before and five days after CM administration for each delivery 428 

route (Figure S2 – Supplementary Material). 429 

In the SbC group, slopes did not differ significantly (p = 0.1554), indicating that the 430 

relation between light intensity and photoreceptor response remained stable after 431 

treatment. The high coefficients of determination (R² = 0.82 before and R² = 0.78 after) 432 



 
21 

confirmed a strong and consistent correlation between stimulus intensity and retinal 433 

response, reinforcing photoreceptors stability. 434 

In contrast, the ITV group showed a highly statistically significant difference between 435 

slopes (p < 0.0001), revealing a marked alteration in the intensity-response correlation, 436 

despite presenting high determination coefficients (R² = 0.80 before and R² = 0.82 after). 437 

 438 

3.3.1.1.2 PLR wave b – SbC vs ITV  439 

Linear regression analysis of the b-wave amplitude in the photopic luminescent 440 

response (PLR) phase was performed to compare retinal function before and five days after 441 

CM administration for each route of delivery (Figure S3 – Supplementary Material).  442 

In the SbC group, the regression lines were nearly superimposed (p = 0.8429), 443 

indicating no significant changes in the intensity-response relationship, suggesting stable 444 

retinal behaviour after treatment. Consistently, the coefficients of determination revealed 445 

a low correlation before (R² = 0.21) and a moderate one after the administration (R² = 0.58). 446 

This reinforces the interpretation of preserved and even slightly improved response 447 

predictability in the SbC group.  448 

Conversely, the intravitreally treated group exhibited a significant difference between 449 

slopes (p = 0.0265), reflecting an altered response pattern, with R² markedly decreased from 450 

0.57 before to 0.23 after treatment, denoting an increased variability of the retinal response. 451 

 452 

3.3.1.1.3 PF wave b – SbC vs ITV  453 

Linear regression analysis of the b-wave amplitude in the PF phase was performed to 454 

compare retinal function before and five days after CM administration for each route of 455 

delivery (Figure S4 – Supplementary Material).  456 

In the SbC group, the slope of the intensity–response curve remained unaffected after 457 

treatment (p = 0.3400), which indicates a stable flicker response and preserved retinal 458 
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function. The coefficients of determination were both moderate before (R² = 0.52) and after 459 

treatment (R² = 0.43), revealing consistency between stimulus intensity and response 460 

amplitude, although slightly less robust after CM administration. This may suggest a 461 

mildly variable pattern in retinal response.  462 

In contrast, the ITV treated group exhibited a significant difference between slopes (p = 463 

0.0251), revealing an altered intensity-response relation after CM injection. In this group, 464 

the R² decreased from 0.62 before to 0.35 after treatment, indicating a weakening of the 465 

stimulus intensity-retinal response correlation. 466 

 467 

3.3.1.2 Subconjunctival vs. Intravitreal administration at 28 days 468 

3.3.1.2.1 SLR wave b – SbC vs ITV  469 

Linear regression analysis of the b-wave amplitude in the SLR phase was performed to 470 

evaluate long-term retinal function before and twenty-eight days after CM administration 471 

(Figure S5 – Supplementary Material). 472 

In the SbC group, no significant difference was detected between pre- and post-473 

treatment slopes (p = 0.3462), suggesting a sustained functional integrity of rod-driven 474 

pathways following SbC delivery. The determination coefficients decreased from R² = 0.47 475 

before to R² = 0.23 after treatment, indicating a weaker correlation between light intensity 476 

and response amplitude, therefore a slightly higher variability among individual 477 

responses. Nevertheless, the absence of slope changes support preserved global retinal 478 

behavior. 479 

Conversely, the ITV group exhibited a significant difference between slopes (p = 480 

0.0074), demonstrating an altered intensity-response profile after CM administration, and 481 

also a markedly decreased of R² from 0.63 to 0.28. 482 

 483 
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3.3.1.2.2 SLR wave a – SbC vs ITV  484 

Linear regression analysis of the a-wave amplitude in the SLR step was performed to 485 

assess potential long-term alterations in outer retinal function after CM administration 486 

(Figure S6 – Supplementary Material). 487 

SbC group showed no significant slope differences (p = 0.0753), indicating that the 488 

photoreceptor-driven response remained stable over the 28-day period. The determination 489 

coefficients were high before (R² = 0.76) and after treatment (R² = 0.79), confirming a strong 490 

correlation between light intensity and response amplitude, and suggesting a sustained 491 

and reliable photoreceptor performance over time. 492 

In contrast, the ITV group exhibited a major significant difference between slopes (p < 493 

0.0001), demonstrating a marked alteration in the intensity-response effect following CM 494 

administration. Despite the high R² values (0.82 before and 0.73 after) a slight reduction 495 

was observed, and together with the significantly flatter slope, indicates that the intensity-496 

response relationship remained strong but shifted in magnitude, reflecting a real 497 

functional alteration rather than random variability.  498 

 499 

3.3.1.2.3 SA wave a – SbC vs ITV  500 

Linear regression analysis of the a-wave amplitude in the SA stage was performed to 501 

evaluate long-term retinal responses to sustained dark adaptation following CM 502 

administration (Figure S7 – Supplementary Material). 503 

In the SbC group, a significant difference between pre- and post-treatment slopes (p = 504 

0.0129), indicated and altered relationship between adaptation time and photoreceptor 505 

response after CM delivery. However, low and identical R² values (0.28), suggest that this 506 

change reflects a weak correlation and likely represents a subtle, variable trend rather than 507 

a strong or consistent effect. 508 
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The steeper post-treatment slope may reflect a mild increase in retinal excitability or an 509 

adaptive improvement in photoreceptor sensitivity following SbC injection. 510 

On the other hand, the ITV group showed no significant slope differences (p = 0.6890), 511 

indicating stable dark-adaptation behaviour and consistent photoreceptor responses 512 

across timepoints. Very low R² values (0.12 before and 0.17 after) further confirm the 513 

absence of a meaningful correlation, consistent with stable and non-responsive retinal 514 

behaviour under scotopic conditions. 515 

 516 

3.3.2 Comparison of timepoints 517 

To evaluate whether retinal responses changed over time after CM administration, 518 

slope comparisons were performed between the 5-day and 28-day timepoints within each 519 

administration route. 520 

3.3.2.1 Subconjunctival administration — 5 days vs. 28 days 521 

3.3.2.1.1 SA wave a – SbC 5 days vs. SbC 28 days 522 

In the SA stage, a-wave slopes differed significantly between 5 and 28 days (p = 0.0129), 523 

with a steeper slope at day 28, indicating a more pronounced increase in a-wave amplitude 524 

during dark adaptation (Figure S8 – Supplementary Material). 525 

However, the coefficients of determination remained low at both timepoints (R² = 0.11 526 

and 0.08 at 5 days; R² = 0.28 before and after at 28 days), indicating weak correlations and 527 

high variability. Therefore, this change likely reflects a mild adaptive trend rather than a 528 

consistent or strong functional improvement. 529 

 530 

3.3.2.2 Intravitreal administration — 5 days vs. 28 days 531 

3.3.2.2.1 SLR wave b – ITV 5 days vs. ITV 28 days 532 

In the SLR stage, the b-wave slopes showed no difference at 5 days (p = 0.1466) but 533 

differed significantly at 28 days (p = 0.0074), indicating a time-dependent alteration in the 534 

scotopic response (Figure S9 – Supplementary Material). 535 
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3.3.2.2.2 SLR wave a – ITV 5 days vs. ITV 28 days 536 

The a-wave slopes in the SLR stage, showed significant differences both at 5 days (p < 537 

0.0001) and at 28 days (p < 0.0001) after ITV CM administration (Figure S10 – 538 

Supplementary Material). 539 

The 28-day regression displayed a flatter slope and lower overall amplitudes, 540 

suggesting progressive reduction in photoreceptor responsiveness. The coefficients of 541 

determination were high at all timepoints (R² = 0.80 and 0.82 at 5 days; R² = 0.82 and 0.73 542 

at 28 days), indicating strong and consistent correlations between light intensity and a-543 

wave amplitude. This confirms that the observed differences in slope are not due to 544 

random variability but reflect genuine functional alterations in the outer retina. 545 

 546 

3.3.2.2.3 PLR wave b – ITV 5 days vs. ITV 28 days 547 

In the PLR stage, a significant slope difference was observed at 5 days (p = 0.0265) on 548 

wave b, but not at 28 days (p = 0.0993) following ITV CM administration (Figure S11 – 549 

Supplementary Material). 550 

This pattern suggests an initial alteration in the photopic intensity-response 551 

relationship, which tended to normalize over time. Consistently, R² values showed a 552 

marked decline at 5 days (0.57 before vs. 0.23 after), indicating a transient disruption and 553 

increased variability in the light intensity-b-wave amplitude relationship shortly after 554 

injection. By contrast, at 28 days, R² values improved (0.29 before and 0.40 after), showing 555 

a modest recovery of correlation strength and reduced response dispersion. This R² pattern 556 

supports the idea of an early, short-lived functional disturbance followed by gradual 557 

reestablishment of cone-driven retinal stability. 558 

By 28 days, the b-wave responses appeared more stable, indicating a partial functional 559 

recovery of the cone-driven retinal pathways. 560 
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3.3.2.2.4 PF wave b – ITV 5 days vs. ITV 28 days 561 

In the PF stage, a significant slope difference was detected at 5 days (p = 0.0251), but not 562 

at 28 days (p = 0.9292) on wave b after ITV CM administration (Figure S12 – 563 

Supplementary Material). 564 

At the 5-day timepoint, there is a clear reduction in correlation strength (R² = 0.62 before 565 

vs. 0.35 after), indicating increased variability and transient disturbance of the flicker 566 

response immediately after injection. By contrast, at 28 days, R² values improved from 0.22 567 

before to 0.50 after treatment, revealing a partial recovery of the relationship between 568 

stimulus intensity and response amplitude. Altogether, these findings indicate a transient 569 

functional disturbance following ITV administration, with early post-injection effects that 570 

resolved over time, consistent with overall retinal tolerance. 571 

3.4 Histological Evaluation 572 

3.4.1 Retinal Thickness Measurements   573 

 Histological evaluation of H&E-stained ocular sections demonstrated overall 574 

preservation of retinal architecture across all experimental groups. No evidence of cellular 575 

degeneration, tissue disorganization, inflammatory cell infiltration, or other 576 

morphological abnormalities was detected. Retinal lamination remained intact, with 577 

well‑defined nuclear layers and preserved structural integrity. Additionally, no qualitative 578 
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differences were observed between OD and OS eyes within any group. Representative 579 

H&E‑stained microscopic images of the ocular tissues are presented in Figure 9.580 

(A) (B) 

(C) 
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Figure 9. Representative photomicrographs of retinal sections demonstrating preserved retinal 581 

architecture. (A) OS and (B) OD sections showing well‑maintained retinal lamination, with clearly 582 

defined nuclear layers and no evidence of tissue disorganization or inflammatory infiltration. (C) 583 

Section including the optic nerve head region, illustrating the transition between the neurosensory 584 

retina and the optic nerve. The green tissue dye visible in this area corresponds to the orientation 585 

marker applied during sample processing, as previously described in Figure 3. Whole‑slide images 586 

were digitally scanned and visualized using QuPath software, with representative regions of interest 587 

subsequently selected and captured. H&E staining; 20× magnification. 588 

3.4.1.1 Comparison between eyes (OD vs. OS) 589 

No statistically significant differences were detected between OD and OS in any 590 

experimental group for any of the retinal thickness parameters assessed (INL, ONL, or 591 

total retinal thickness) (p > 0.05 for all comparisons) (Figure 10).  592 

Figure 10. Retinal thickness comparison between OD and OS. Histological evaluation of retinal 593 

thickness included three parameters: inner nuclear layer (INL), outer nuclear layer (ONL), and total 594 

retinal thickness (TOTAL). Comparisons were performed between OD and OS, considering the 595 

administration routes SbC and ITV, and euthanasia timepoints at 5 and 28 days. Data are presented 596 

as mean ± SEM. No statistically significant differences were detected between OD and OS within any 597 

experimental group for INL, ONL, or TOTAL thickness (p > 0.05 in all cases). 598 

3.4.1.2 Comparison between administration routes (SbC vs. ITV) and euthanasia 599 

timepoints (5 vs. 28 days) 600 

INL thickness remained largely consistent across experimental groups (Figure 11). A 601 

modest but statistically significant reduction was detected in the ITV group at 28 days 602 
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when compared with the SbC group at the same timepoint (p = 0.0356). All other pairwise 603 

comparisons involving the INL thickness were not statistically significant (p > 0.05). 604 

Figure 11. INL thickness across administration routes and timepoints. Quantitative histological 605 

measurements of INL thickness (µm) were obtained from OD and OS following subconjunctival 606 

(SbC) or intravitreal (ITV) administration of the secretome at 5 and 28 days post‑administration. Data 607 

are presented as mean ± SEM. INL thickness remained largely stable across experimental conditions. 608 

A modest but statistically significant reduction was detected in the ITV 28‑day group compared with 609 

the SbC 28‑day group (p = 0.0356; indicated by *). All other pairwise comparisons, including those 610 

between the 5‑ and 28‑day timepoints within each administration route, were not statistically 611 

significant (p > 0.05).  612 

ONL thickness was significantly reduced in the ITV groups, with the most pronounced 613 

decrease at the 28‑day timepoint (Figure 12). The comparison between ITV 28 days and 614 

SbC 28 days revealed a highly significant difference (p < 0.0001), with similar findings in 615 

other comparisons involving the ITV 28‑day group. In contrast, no statistically significant 616 

differences were detected between the subconjunctival groups at 5 and 28 days (p > 0.05). 617 
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Figure 12. ONL thickness across administration routes and timepoints. Histological quantification 618 

of ONL thickness (µm) was performed in OD and OS following SbC or ITV administration at 5 and 619 

28 days post-injection. Data are presented as mean ± SEM. ONL thickness was significantly reduced 620 

in the ITV groups, particularly at 28 days. Comparison between ITV 28 days and SbC 28 days 621 

revealed a highly significant reduction (****, p < 0.0001). Similar significant differences were observed 622 

in other comparisons involving the ITV 28-day group. No statistically significant differences were 623 

detected between SbC groups at 5 and 28 days (p > 0.05). 624 

Total retinal thickness exhibited a pattern similar to that observed for the ONL (Figure 625 

13). The ITV groups, particularly at the 28‑day timepoint, showed a marked reduction in 626 

retinal thickness compared with the SbC groups at both timepoints (p < 0.0001). No 627 

significant differences were detected between 5 and 28 days within the SbC groups (p > 628 

0.05), whereas a significant decrease over time was observed within the ITV group (p < 629 

0.01). 630 

Figure 13. Total retinal thickness across administration routes and timepoints. Histological 631 

quantification of total retinal thickness (µm) was performed in OD and OS following SbC or ITV 632 

administration at 5- and 28-days post-injection. Data are presented as mean ± SEM. Total retinal 633 

thickness followed the same pattern observed for ONL. The ITV groups, particularly at 28 days, 634 

exhibited a significant reduction in thickness compared with the SbC groups at both 5 and 28 days 635 

(****, p < 0.0001). Within each administration route, no statistically significant differences were 636 

detected between the 5- and 28-day timepoints for SbC delivery (p > 0.05), whereas a significant 637 

decrease from 5 to 28 days was observed in the ITV group (p < 0.01). 638 

3.4.2 Histopathological evaluation of systemic organs 639 

Overall, liver, kidney, and spleen architecture was preserved, with no evidence of 640 

severe lesions or systemic toxicity. However, mild histopathological alterations were 641 

identified. 642 
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In the kidney, the cortical and medullary regions maintained normal structural 643 

organization. Mild, multifocal chronic interstitial nephritis was occasionally observed, 644 

characterized by sparse interstitial inflammatory infiltrates. Rare hyaline casts were 645 

present within renal tubules, and mild generalized vascular congestion was noted (Figure 646 

S13 – Supplementary Material). 647 

The hepatic architecture remained intact. Multifocal to diffuse hepatocellular 648 

cytoplasmic vacuolization, consistent with lipid accumulation and compatible with 649 

hepatic steatosis, was observed. Additional findings included mild periportal 650 

inflammatory infiltrates, focal sinusoidal edema, bile duct hyperplasia within portal tracts, 651 

and generalized hepatic congestion. No necrosis or fibrosis was observed (Figure S14 – 652 

Supplementary Material). 653 

In the spleen, overall morphology was preserved. Areas of follicular lympholysis, 654 

indicating white pulp depletion, alternated with regions of lymphoid hyperplasia. Mild, 655 

generalized vascular congestion was also present (Figure S15 – Supplementary Material). 656 

Collectively, these findings indicate that the observed lesions were mild and 657 

nonspecific, without evidence of marked systemic toxicity associated with CM 658 

administration. 659 

4. Discussion 660 

The present study aimed to evaluate the ocular tolerance of UC-MSCs CM following 661 

SbC or ITV administration in healthy male Wistar Hannover rats. By combining clinical 662 

ophthalmic examination, IOP monitoring, ERG, retinal histology, and systemic organ 663 

histological evaluation, this work provides a comprehensive assessment of local and 664 

systemic safety associated with CM delivery. 665 
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Clinical ophthalmic examinations revealed no relevant abnormalities throughout the 666 

study period, except for two cases of total mature cataracts in ITV-treated eyes. Slit-lamp 667 

and fundus evaluations remained unremarkable, and IOP values stayed within the 668 

physiological range expected for sedated Wistar rats. These findings indicate that CM 669 

administration did not induce clinically detectable ocular inflammation, structural 670 

alterations, or sustained changes in IOP, in most animals. Nevertheless, the occurrence of 671 

cataracts in the ITV group may be associated with the invasive nature of the intravitreal 672 

procedure itself, as lens injury and iatrogenic cataract formation are recognized 673 

complications of intravitreal injections. Accordingly, the SbC administration seems safer 674 

than ITV route, which has already been reported by our team (23). The low evidence of 675 

adverse clinical ocular signs further supports the overall tolerability of CM administration 676 

under the present experimental conditions.  677 

ERG recordings after CM administration, aimed to assess potential functional 678 

alterations in retinal responses. Overall, ERG measurements revealed preservation of 679 

retinal function, as most comparisons between pre- and post-treatment regressions were 680 

not statistically significant. However, route-dependent variations were observed. ITV 681 

administration showed more frequent alterations in regression slopes, particularly in SLR 682 

and selected photopic stages, suggesting subtle modifications in retinal responsiveness. 683 

These were typically characterized by flatter post-treatment slopes or reduced amplitude 684 

increases, indicating mild alterations in photoreceptor or bipolar cell activity. In contrast, 685 

the SbC route preserved stable regression profiles before and after treatment. Temporal 686 

comparisons further suggested that early ITV-related changes tended to normalize over 687 

time, while other alterations became more apparent at later timepoints under scotopic 688 

conditions. Such patterns may reflect transient retinal adaptation, mechanical stress 689 

associated with the ITV CM administration procedure, or mild inflammatory responses 690 
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rather than a direct toxic effect of the CM itself. The volumes for each administration route 691 

were based on commonly reported ranges in rat ocular studies and were chosen to ensure 692 

procedural safety and tolerability while allowing adequate tissue exposure (24,25). 693 

Histological assessment of the retinal tissues was consistent with the functional 694 

outcomes. Qualitative evaluation of H&E‑stained sections demonstrated preserved retinal 695 

architecture across all experimental groups, with no evidence of tissue disorganization, 696 

inflammatory infiltrates, or cellular degeneration. Likewise, no relevant morphological 697 

differences were identified between OD and OS eyes. Quantitative measurements of 698 

retinal thickness further supported these findings: total retinal thickness and INL thickness 699 

remained largely unchanged following CM administration, particularly in the SbC groups. 700 

This reinforces the suitability of the OS eye as a reliable internal control in this 701 

experimental model. 702 

In contrast, a reduction in ONL thickness was detected in the ITV groups, particularly 703 

at the later timepoint. Given that the ONL comprises the cell bodies of photoreceptors, this 704 

thinning may reflect a greater vulnerability of the outer retina to the ITV administration 705 

procedure. Notably, these alterations were not observed in animals receiving SbC 706 

administration of CM, in which retinal thickness remained stable throughout the study 707 

period. When interpreted alongside the ERG data, these findings suggest that SbC delivery 708 

induces less disruption to retinal physiology and structure than the ITV route under the 709 

conditions tested. 710 

Systemic safety was evaluated through histopathological examination of sentinel 711 

organs (liver, kidney, and spleen). Overall, the architecture of all examined tissues was 712 

well preserved. The mild alterations identified, such as primarily vascular congestion, 713 

focal inflammatory infiltrates, and occasional degenerative changes, are frequently 714 

reported in laboratory rodents of comparable strain and age and are generally regarded as 715 
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incidental findings commonly reported in laboratory rodents of comparable strain and age 716 

(26). Importantly, no necrosis, fibrosis, or marked inflammatory lesions were observed, 717 

supporting the absence of clinically relevant systemic toxicity associated with CM 718 

administration.  719 

Despite these encouraging findings, some limitations should be considered. The study 720 

was intentionally conducted in healthy animals to assess the ocular tolerability of hUC-721 

MSC CM under physiological conditions. However, responses may differ in diseased 722 

retinas, where underlying pathological processes could influence the tissue response to 723 

treatment. In addition, the follow-up period was limited to 28 days. The selected 724 

timepoints (5 and 28 days) were designed to capture both early and later responses 725 

following CM administration, nevertheless, additional timepoints as well as longer 726 

observation periods would be valuable to further confirm long-term safety. 727 

Another limitation is the absence of a sham-injected group, which could have helped 728 

to further differentiate procedure-related effects from those associated with CM. 729 

Nevertheless, the use of the contralateral eye as an internal control was considered 730 

appropriate given the invasive nature of ITV administration and the ethical principles 731 

guiding animal experimentation. 732 

Overall, the results of the present study support the ocular and systemic tolerability of 733 

hUC-MSCs-derived CM following local ocular administration. These findings provide an 734 

important safety foundation for future studies investigating the therapeutic potential of 735 

stem cell-derived secretome in retinal diseases. 736 

5. Conclusion 737 

The aim of this study was to evaluate the tolerability of hUC-MSC-derived CM 738 

following SbC and ITV administration in healthy rat retinas, as a prerequisite for its safe 739 
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translation to glaucoma animal models. Taken into consideration the combined clinical, 740 

functional, structural, and systemic evaluations performed using the healthy rat model, 741 

this study supports the overall safety of ocular hUC-MSCs derived CM administration. 742 

While both delivery routes were generally well tolerated, the SbC route showed a more 743 

stable functional and structural profile. These findings suggest that SbC administration 744 

may represent a safer, easier and less disruptive strategy for CM delivery and provide a 745 

relevant experimental basis for its selection in future studies investigating the therapeutic 746 

potential of stem cell-derived secretome in experimental models of ocular diseases, such 747 

as glaucoma. 748 
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Abbreviations 795 

The following abbreviations are used in this manuscript: 796 

CM: Conditioned Medium 797 

DMEM(/F12): Dulbecco’s Modified Eagle Medium (/Ham’s F12) 798 

ERG: Electroretinography 799 

GCL: Ganglion Cell Layer 800 

(h)UC-MSC(s): (Human) Umbilical Cord Mesenchymal Stromal Cell(s) 801 

H&E: Hematoxylin and Eosin 802 

Hz: Hertz 803 

INL: Inner Nuclear Layer 804 

IOP: Intraocular Pressure 805 

ITV: Intravitreal 806 

MSC(s): Mesenchymal Stromal Cell(s) 807 

OD: Oculus Dexter (right eye) 808 

ONL: Outer Nuclear Layer 809 

OS: Oculus Sinister (left eye) 810 

PA: Photopic Adaptation 811 

PBS: Phosphate Buffered Saline 812 

PF: Photopic Flicker 813 

PLR: Photopic Luminescent Response 814 

R²: Coefficient of Determination 815 

RGC(s): Retinal Ganglion Cell(s) 816 

SA: Scotopic Adaptation 817 

SbC: Subconjunctival 818 

SD: Standard Deviation 819 

SEM: Standard Error of the Mean 820 

SLR: Scotopic Luminescent Response 821 

µL: Microliter 822 

µV: Microvolt 823 
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Tables 911 

Table 1. P-values of slope comparisons (Before vs. After) obtained from linear regression analyses of ERG a- and b-waves 912 

across all steps and experimental groups. Significant differences (p < 0.05) are shown in bold and marked with an asterisk 913 

(*). 914 

 915 ERG step Wave 
SbC 5 days 

p (slopes) 

ITV 5 days 

p (slopes) 

SbC 28 

days 

p (slopes) 

ITV 28 days 

p (slopes) 

SLR b 0.5120 0.1466 0.3462 0.0074* 

SLR a 0.1554 <0.0001* 0.0753 <0.0001* 

PA b 0.5560 0.6570 0.7396 0.1820 

PA a 0.4952 0.2099 0.1940 0.0785 

PLR b 0.8429 0.0265* 0.3711 0.0993 

PLR a 0.7269 0.7449 0.9556 0.2333 

PF b 0.3400 0.0251* 0.9367 0.9292 

PF a 0.7697 0.5447 0.5322 0.2899 

SA b 0.4120 0.4536 0.7931 0.5475 

SA a 0.7337 0.6783 0.0129* 0.6890 
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