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Abstract
Background: Retinal pigment epithelial (RPE) cells are vulnerable to hypoxia-related and oxidative stress. Cobalt chloride (CoCl₂) is widely used as a chemical hypoxia mimetic; however, an appropriate concentration window for producing measurable RPE injury without the more extensive damage associated with higher concentrations remains incompletely defined. Aldehyde dehydrogenase 2 (ALDH2) contributes to reactive-aldehyde detoxification and cellular stress defense.
Methods: ARPE-19 cells were exposed to 0, 10, 100, 500, 1000, or 2000 μM CoCl₂. Scratch-wound recovery and representative morphology were evaluated for up to 72 h, and relative CCK-8 metabolic activity was quantified at 24, 48, and 72 h. The 500 μM condition was selected for molecular and pharmacological experiments based on the integrated dose-response profile. Culture-supernatant 4-HNE and VEGF-A were measured by ELISA, whereas HIF-1α, ALDH2, and BAX were assessed by Western blotting. Alda-1 and Daidzin were used as an ALDH2 activator/chemical chaperone and an enzymatic inhibitory comparator, respectively.
Results: CoCl₂ caused concentration- and time-associated impairment of scratch-wound recovery. Wound closure was largely preserved at 0–100 μM, whereas 500–2000 μM produced wound-closure failure. The CCK-8 profile showed that 500 μM retained a nonmaximal metabolic signal compared with the substantially greater late reductions observed at 1000 and 2000 μM. Thus, 500 μM represented the lowest tested concentration producing significant functional injury while avoiding the more extensive injury phenotype observed at higher concentrations. Under 500 μM CoCl₂, HIF-1α increased early, ALDH2 protein abundance decreased, and culture-supernatant 4-HNE and VEGF-A increased at the later time point. Alda-1 improved wound recovery and restored ALDH2 protein abundance, whereas Daidzin aggravated the functional injury phenotype and shifted extracellular stress-marker readouts in an unfavorable direction.
Conclusions: CoCl₂ produced a concentration-resolved, hypoxia-related and aldehyde-associated RPE injury phenotype. Alda-1 improved wound recovery and increased ALDH2 protein abundance, whereas Daidzin aggravated the functional injury phenotype. These findings support ALDH2-associated aldehyde-detoxifying defense as a modulatory component of CoCl₂-induced RPE stress. 
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1. Introduction
Retinal pigment epithelial (RPE) cells play essential roles in maintaining outer retinal homeostasis, supporting photoreceptor function, preserving the outer blood–retinal barrier, and regulating local metabolic exchange [1-3]. Because RPE cells are metabolically active and are located at the interface between photoreceptors and the choroidal circulation, they are highly sensitive to pathological disturbances in oxygen supply and redox balance. Under ischemic, inflammatory, or degenerative retinal conditions, hypoxia-related and oxidative stress can impair RPE repair capacity, mitochondrial homeostasis, and barrier-associated functions, thereby contributing to retinal injury progression and pro-angiogenic signaling [4-6].
Cobalt chloride (CoCl₂) is widely used as a chemical hypoxia mimetic in cell-based studies [7,8]. By inducing a cellular hypoxia-like state and activating HIF-associated responses, CoCl₂ provides a useful experimental tool for modeling hypoxia-related cellular injury. However, the biological effects of CoCl₂ are influenced by concentration, exposure duration, cell density, and cell type. In RPE cells, different CoCl₂ exposure conditions may produce distinct phenotypes, ranging from relatively adaptive stress responses to overt cellular injury [9-11]. A concentration-resolved CoCl₂ model can therefore help define an appropriate injury window and provide a controlled background for evaluating downstream molecular changes and pharmacological modulation.
Hypoxia-related and oxidative stress are closely linked to lipid peroxidation and reactive aldehyde accumulation [12-15]. Among these aldehyde products, 4-hydroxynonenal (4-HNE) is a representative lipid peroxidation-derived mediator that can modify proteins, disturb mitochondrial function, and amplify cellular injury. ALDH2 is a mitochondrial aldehyde dehydrogenase involved in detoxifying reactive aldehydes and maintaining aldehyde-handling capacity under stress [16,17]. Although ALDH2 has been implicated in multiple oxidative injury models [18], its involvement in RPE responses to CoCl₂-induced hypoxia-related and aldehyde-associated injury remains insufficiently defined. In particular, whether CoCl₂-induced RPE injury is accompanied by ALDH2 reduction, and whether ALDH2-directed pharmacological modulation can alter the resulting injury phenotype, requires further investigation.
Alda-1 is an ALDH2 activator/chemical chaperone, whereas Daidzin is commonly used as an inhibitor of ALDH2 enzymatic activity [19-23]. Structural and pharmacological studies suggest that small-molecule modulators can influence ALDH2 activity through interactions near the substrate-access or catalytic region of ALDH2 [21,24,25]. In the present study, Alda-1 and Daidzin were used to examine two opposite pharmacological directions of ALDH2-associated modulation in the same CoCl₂-stressed RPE system. This comparison allowed us to assess whether ALDH2-associated aldehyde-detoxifying defense is linked to changes in wound-edge recovery, cellular morphology, extracellular aldehyde-related stress, and pro-angiogenic response.
Accordingly, this study aimed to characterize CoCl₂-induced hypoxia-related injury in ARPE-19 cells and to determine whether ALDH2-associated pharmacological modulation shifts the resulting injury phenotype. CoCl₂ responses were evaluated across a concentration range using scratch-wound recovery, representative morphology, and CCK-8-based relative metabolic activity. The subsequent injury condition was selected using an integrated operational criterion combining functional impairment, morphological injury, and the relative extent of metabolic-signal reduction. The selected condition was then examined using HIF-1α, ALDH2, BAX, culture-supernatant 4-HNE, and VEGF-A. We hypothesized that CoCl₂-induced RPE injury would involve hypoxia-responsive signaling, ALDH2 reduction, and extracellular aldehyde/pro-angiogenic stress, and that Alda-1 and Daidzin would shift this injury phenotype in opposite functional directions.
2. Methods
2.1 Study design and experimental overview
The experimental design was organized around concentration-resolved CoCl₂-induced injury in ARPE-19 cells and ALDH2-associated pharmacological modulation (Figure 1). Cells were initially exposed to 0, 10, 100, 500, 1000, or 2000 μM CoCl₂. Scratch-wound recovery, representative morphology, and CCK-8-based relative metabolic activity were evaluated jointly to characterize the concentration- and time-associated injury profile.
Based on the integrated dose-response assessment combining scratch-wound recovery, representative morphology, and relative CCK-8 metabolic activity, 500 μM CoCl₂ was selected as the operational injury condition for subsequent molecular validation and pharmacological intervention experiments. It was the lowest tested concentration that produced statistically significant wound-recovery failure together with clear morphological injury, while showing less extensive late-stage reduction in the relative CCK-8 signal and less extensive morphological deterioration than the 1000 and 2000 μM conditions. This selection was intended to define a measurable, nonmaximal injury window and did not establish 500 μM CoCl₂ as a non-cytotoxic or hypoxia-specific condition. Culture supernatants and cell lysates were collected at the indicated time points. Culture-supernatant 4-HNE and VEGF-A were measured by ELISA, whereas HIF-1α, ALDH2, and BAX were evaluated by Western blotting.
Alda-1 and Daidzin were used to examine two pharmacological directions of ALDH2-associated modulation under the selected 500 μM CoCl₂ condition. Alda-1 was used as an ALDH2 activator/chemical chaperone, whereas Daidzin was used as a single-dose ALDH2 enzymatic activity inhibitory comparator (Figure 1C). Phenotypic readouts included scratch-wound closure and representative morphology, and molecular readouts included culture-supernatant 4-HNE/VEGF-A and Western blot-based protein quantification. The overall experimental design and ALDH2-associated working model are summarized in Figure 1.[image: ]
Figure 1. Schematic overview of CoCl₂-induced RPE injury assessment and ALDH2-associated pharmacological modulation. (A) Overall experimental workflow. ARPE-19 cells were exposed to a CoCl₂ concentration gradient, followed by scratch-wound and morphology analyses, CCK-8-based relative metabolic activity measurement at 24, 48, and 72 h, molecular validation using ELISA and Western blotting, and pharmacological modulation with Alda-1 or Daidzin. (B) Time- and dose-related CoCl₂ injury pattern. Low-dose CoCl₂ conditions were associated with preserved wound-edge recovery, whereas higher CoCl₂ exposure was associated with impaired wound closure, morphological deterioration, HIF-1α activation, ALDH2 reduction, extracellular 4-HNE/VEGF-A elevation, and a BAX-associated stress trend. (C) Pharmacological modulation strategy. Alda-1 was used as an ALDH2 activator/chemical chaperone, whereas Daidzin was used as a single-dose ALDH2 enzymatic-activity inhibitory comparator. (D) ALDH2-associated working model integrating CoCl₂-induced stress, ALDH2 reduction, extracellular aldehyde-associated stress, VEGF-A response, BAX-associated trend, morphological deterioration, and impaired wound closure. Alda-1 represented the ALDH2 activation direction, whereas Daidzin represented the inhibitory-comparator direction.
2.2 Cell culture
Human retinal pigment epithelial ARPE-19 cells [26,27] were obtained from Nanjing SenBeiJia Biological Technology Co., Ltd. (Nanjing, China; Cat. No. BC-C-HU-237). Cells were cultured in DMEM/F-12 (1:1) medium supplemented with 10% fetal bovine serum (FBS; ABW, China) and 1% penicillin–streptomycin. Cells were maintained at 37°C in a humidified incubator with 5% CO₂. 
For scratch-wound, morphology, ELISA, and Western blot experiments, cells were seeded into 6-well plates at a density of approximately 2.0 × 10⁵ cells/well and treated when they reached approximately 80% confluence. All treatment groups within each experimental module were seeded and processed in parallel to minimize batch-related variation.
For CCK-8 assays, ARPE-19 cells were seeded into separate 96-well plates at 4.0 × 10³ cells/well in 100 μL of complete culture medium and were allowed to attach for 18–24 h before CoCl₂ exposure. Separate plates were used for the 24-, 48-, and 72-h endpoints to avoid repeated CCK-8 exposure of the same wells.
2.3 Reagents and pharmacological compounds
Cobalt chloride hexahydrate (CoCl₂·6H₂O; Aladdin, China; Cat. No. C118625; CAS No. 7791-13-1; purity ≥99.999% metals basis) was dissolved in sterile PBS to prepare a high-concentration stock solution and freshly diluted before treatment.
Alda-1 was used as an ALDH2 activator/chemical chaperone. Alda-1 (MedChemExpress, USA; Cat. No. HY-18936; CAS No. 349438-38-6) was dissolved in dimethyl sulfoxide (DMSO) to prepare a 40 mM stock solution. Daidzin was used as a single-dose ALDH2 enzymatic activity inhibitory comparator. Daidzin (MedChemExpress, USA; Cat. No. HY-N0018; CAS No. 552-66-9) was also dissolved in DMSO to prepare a 40 mM stock solution.
For cell treatment, Alda-1 or Daidzin stock solution was added at 1.5 μL per well in a final culture volume of 3 mL, yielding a final working concentration of 20 μM. The corresponding CoCl₂-only groups received the same volume of DMSO. The final DMSO concentration was 0.05% and did not exceed 0.1% in any group.
2.4 CoCl₂ dose-gradient treatment
CCK-8 assays were performed using a Cell Counting Kit-8 (MedChemExpress, MCE; Cat. No. HY-K0301; lot no. 638244). ARPE-19 cells cultured in separate 96-well plates were exposed to 100 μL per well of complete culture medium containing 0, 10, 100, 500, 1000, or 2000 μM CoCl₂. At each exposure time, the six concentration groups were arranged as a 5-row × 6-column experimental block, with five separately seeded and individually treated physical wells per concentration. Wells immediately surrounding the experimental block were filled with sterile PBS to reduce evaporation and edge effects. The mean A₄₅₀ value of the surrounding PBS-filled wells on the corresponding plate was also used as a plate-level optical background reference and was subtracted from the A₄₅₀ value of each experimental well before normalization.
After 24, 48, or 72 h of CoCl₂ exposure, 10 μL of CCK-8 reagent was added to each experimental well. Plates were incubated at 37°C for 1.5 h, and absorbance at 450 nm was measured using a SpectraMax 190 microplate reader. Two consecutive acquisition runs were performed. During each acquisition run, the microplate reader automatically generated three replicate readings for each physical well. The six instrument-level readings obtained from the two acquisition runs were averaged to generate one A₄₅₀ value for each physical well. Instrument-level readings were not treated as independent samples.
PBS-referenced corrected A₄₅₀ was calculated as follows:
Corrected A₄₅₀ = experimental-well A₄₅₀ − mean A₄₅₀ of the surrounding PBS-filled wells on the corresponding plate.
Relative CCK-8 activity (%) = corrected A₄₅₀ of the treated well / mean corrected A₄₅₀ of the corresponding 0 μM group × 100%.
Wells with obvious technical artifacts affecting optical measurement, such as air bubbles during absorbance reading, were excluded before group-level analysis. No other CCK-8 wells were excluded.
Scratch-wound recovery, representative morphology, and the relative CCK-8 concentration-response profiles were evaluated jointly. Based on the integrated dose-response pattern, 500 μM CoCl₂ was selected as the operational injury condition for subsequent molecular validation and pharmacological intervention.
2.5 Alda-1 and Daidzin intervention
For pharmacological intervention experiments, cells were pretreated with 20 μM Alda-1 or 20 μM Daidzin for 1 h before CoCl₂ exposure. Specifically, 1.5 μL of 40 mM Alda-1 or Daidzin stock solution was added to each well containing a final culture volume of 3 mL. The CoCl₂-only group received 1.5 μL DMSO per well.
After pretreatment, cells were exposed to the corresponding CoCl₂-containing treatment medium. For each well, the final 3 mL treatment medium consisted of complete culture medium, 30 μL of 100× CoCl₂ working solution, and 1.5 μL of Alda-1, Daidzin, or DMSO according to group allocation. The final concentrations were 500 μM CoCl₂ and 20 μM Alda-1 or Daidzin. The final DMSO concentration was 0.05% and was kept identical between the CoCl₂-only and drug-treated groups.
For scratch-wound assays in the intervention experiments, cells were pretreated with Alda-1, Daidzin, or DMSO for 1 h before scratch generation. After scratching and PBS washing, the corresponding CoCl₂-containing treatment medium with or without Alda-1 or Daidzin was added, and 0 h images were captured immediately. Culture supernatants and cell lysates were collected at 24 h and/or 48 h for ELISA and Western blot analyses, and scratch-wound and morphology images were collected at the indicated time points.
2.6 Scratch-wound assay and wound-area quantification
Scratch-wound assays were performed when cells reached approximately 80% confluence [28-30]. A cross-shaped reference mark was drawn on the underside of each well before imaging to facilitate repeated localization of the same wound region. A linear scratch was generated in each well using the same type of sterile yellow pipette tip. After scratching, detached cells were gently removed with PBS.
Fresh treatment medium containing the corresponding CoCl₂ concentration and/or pharmacological compound was then added according to group allocation. For each well, the imaging field was selected adjacent to the reference mark on the same side of the scratch at all time points, allowing longitudinal imaging of the same wound region.
Scratch-wound images were captured at 0, 6, 24, 48, and 72 h for the CoCl₂ dose-gradient experiment and at 0, 24, 48, and 72 h for Alda-1 and Daidzin intervention experiments. Images were acquired using an Olympus CKX53 inverted microscope (Olympus, Japan). Wound areas were quantified using ImageJ software version 1.54p [31]. For each well, the wound area at each time point was normalized to the corresponding 0 h wound area of the same well.
Relative wound area was calculated as:
Relative wound area (%) = wound area at time t / wound area at 0 h × 100%.
Wound closure was calculated as:
Wound closure (%) = (wound area at 0 h − wound area at time t) / wound area at 0 h × 100%.
The 0–72 h wound-closure rate was used as the primary endpoint for group comparisons. Each well was treated as one experimental unit.
2.7 Representative morphology imaging
Representative non-scratch morphology images were captured using an Olympus CKX53 inverted microscope at the indicated time points. Images were obtained from predefined fields under consistent illumination and magnification settings within each experiment. Morphological assessment focused on cell spreading, cell rounding, local confluence, floating/debris-like cells, and cellular arrangement. Morphology images were used as qualitative visual support and were interpreted together with scratch-wound, ELISA, and Western blot results.
2.8 Culture-supernatant ELISA
Culture supernatants were collected at the indicated time points. Samples were centrifuged at 4000 rpm for 5 min at 4°C to remove cell debris, and the clarified supernatants were stored at −80°C until analysis.
For the 24 h 4-HNE assay, 4-HNE levels were measured using a commercial ELISA kit from Elabscience Biotechnology Co., Ltd. (Cat. No. E-EL-0128-96T). For the 48 h 4-HNE assay, 4-HNE levels were measured using a Human 4-HNE ELISA Kit from Jianglai Biotechnology Co., Ltd. (Shanghai, China; Cat. No. JL19014). VEGF-A levels were measured using a Human VEGF ELISA Kit from Jianglai Biotechnology Co., Ltd. (Shanghai, China; Cat. No. JL18341). All assays were performed according to the manufacturers’ instructions.
Absorbance was measured at 450 nm using a SpectraMax 190 microplate reader (Molecular Devices, USA). Each ELISA well was read three times, and the average optical density value was used for concentration calculation. Technical duplicate wells were included for each sample when applicable, and duplicate values were averaged to obtain the sample-level value before statistical analysis. Readings affected by visible technical artifacts, such as air bubbles or values outside the standard-curve range, were excluded before averaging.
2.9 Western blotting
Cells were lysed at the indicated time points using RIPA lysis buffer supplemented with protease inhibitor cocktail (MedChemExpress, Cat. No. HY-K0012). Protein concentration was determined using an Easy II Protein Quantitative Kit (BCA; TransGen Biotech, Cat. No. DQ111-01) according to the manufacturer’s instructions.
Equal amounts of protein were loaded for SDS-PAGE, with 6 μg protein per lane. Proteins were separated using 10% FuturePAGE precast gels (ACE Biotechnology, China; Cat. No. ET15010Gel, 15 wells) and a DYY-6E electrophoresis power supply (Beijing Liuyi Biotechnology Co., Ltd., Beijing, China). Electrophoresis was performed at 160 V for approximately 50 min. Proteins were then transferred onto 0.45 μm PVDF membranes (Millipore, USA).
According to the expected molecular-weight regions, the gel/membrane was cut after electrophoresis. The lower molecular-weight region was transferred at 250 mA for 15 min, whereas the upper molecular-weight region was transferred at 300 mA for 80 min.
After transfer, membranes were blocked with 5% non-fat milk in TBST for 1 h at room temperature and incubated overnight at 4°C with the following primary antibodies: HIF-1α (Cell Signaling Technology, Cat. No. 36169S, 1:1000), BAX (Cell Signaling Technology, Cat. No. 2772S, 1:1000), ALDH2 (Proteintech, Cat. No. 15310-1-AP, 1:20,000), and GAPDH (Proteintech, Cat. No. 60004-1-Ig, 1:50,000). Primary antibodies were diluted with commercial WB antibody diluent (MedChemExpress, Cat. No. HY-K2007).
After washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. HRP-conjugated Goat Anti-Mouse IgG(H+L) (Proteintech, Cat. No. SA00001-1, 1:2000) was used for mouse primary antibodies, and HRP-conjugated Goat Anti-Rabbit IgG(H+L) (Proteintech, Cat. No. SA00001-2, 1:2000) was used for rabbit primary antibodies. Protein bands were visualized using Superstar ECL Plus chemiluminescent substrate (Boster Biological Technology Co., Ltd., Cat. No. AR1171S) and captured using a ChemScope 6200 Touch chemiluminescence imaging system (Clinx Science Instruments Co., Ltd., Shanghai, China). Densitometric analysis was performed using ImageJ software version 1.54p [31]. Target protein signals were normalized to GAPDH from the same lane.
2.10 Statistical analysis
Data are presented as mean ± standard deviation (SD). For scratch-wound assays, each well was treated as one experimental unit, and the 0–72 h wound-closure rate was calculated as (area at 0 h − area at 72 h) / area at 0 h × 100%. For the CoCl₂ dose-gradient experiment, 0–72 h wound-closure rates were compared among concentration groups using one-way ANOVA followed by Dunnett’s multiple-comparison test versus the 0 μM group; raw baseline wound area at 0 h was compared using one-way ANOVA. Time-course relative wound-area data were analyzed using a repeated-measures mixed-effects model, with well identity specified as the repeated-measure unit and concentration, time, and concentration × time interaction included as model terms.
For the CCK-8 assay, the six instrument-level readings obtained from each physical well were first averaged to generate one well-level A₄₅₀ value. Each separately seeded and individually treated physical well was then treated as one well-level experimental unit. Wells affected by documented optical-measurement artifacts, such as air bubbles, were excluded before group-level analysis. Concentration groups were analyzed separately at 24, 48, and 72 h using one-way ANOVA followed by Dunnett’s multiple-comparison test versus the corresponding 0 μM group.
For Alda-1 and Daidzin intervention experiments, 0–72 h wound-closure rates were compared between two groups using Welch’s unpaired t-test. For ELISA analysis, instrument readings and technical duplicate values from the same sample were averaged before statistical testing, and two-group comparisons were performed using Welch’s unpaired t-test. Western blot densitometric values were normalized to GAPDH from the same lane and expressed relative to the corresponding reference group; two-group comparisons were performed using Welch’s unpaired t-test unless otherwise specified. Because the number of valid CoCl₂ lanes for BAX was limited, BAX was interpreted as a directional trend. Statistical analyses were performed using IBM SPSS Statistics version 27.0.1 and GraphPad Prism version 9.5.1. A two-sided P < 0.05 was considered statistically significant.
[bookmark: OLE_LINK8]3. Results
3.1 CoCl₂ dose-gradient screening identified 500 μM as the subsequent injury condition
CoCl₂ exposure produced two distinct scratch-wound recovery patterns in ARPE-19/RPE cells. In the low-dose range, the scratch gap progressively narrowed over time. Cells exposed to 0 and 10 μM CoCl₂ showed near-complete wound closure by 72 h, while the 100 μM group also retained an overall closing pattern, although recovery appeared slightly slower and less complete than that in the lower-dose groups (Figure 2A–C). Quantitatively, the 0–72 h wound-closure rates were 98.5 ± 2.6%, 100.0 ± 0.0%, and 87.5 ± 10.0% in the 0, 10, and 100 μM groups, respectively. Compared with the 0 μM control, neither 10 μM nor 100 μM CoCl₂ significantly changed the 0–72 h wound-closure rate after Dunnett correction (10 μM: P > 0.999; 100 μM: P = 0.786; Table 1). By contrast, a clear wound-closure failure pattern emerged at CoCl₂ concentrations of 500 μM and above. In the 500, 1000, and 2000 μM groups, the scratch area did not progressively close and instead remained enlarged or further expanded at later time points (Figure 2D–F). The corresponding 0–72 h wound-closure rates were −18.1 ± 21.6%, −22.8 ± 20.1%, and −27.3 ± 12.4%, respectively. These negative values represented wound expansion-like changes or disruption of the wound edges rather than effective wound repair. Compared with the 0 μM group, all three higher CoCl₂ concentrations significantly reduced the 0–72 h wound-closure rate after Dunnett correction (all P < 0.001; Table 1). The initial wound area at 0 h did not differ significantly among the concentration groups (P = 0.078). Time-course analysis of the relative wound-area curves further showed a significant concentration × time interaction (P < 0.001), demonstrating that the separation of the wound-recovery patterns developed progressively during CoCl₂ exposure.
The CCK-8 assay provided a complementary quantitative assessment of relative cellular metabolic activity across the CoCl₂ dose gradient (Figure 2G). Overall concentration effects were detected at 24, 48, and 72 h (one-way ANOVA, all overall P < 0.001). At 24 h, 500 μM CoCl₂ retained a near-control relative CCK-8 signal, whereas the most pronounced reduction was observed at 2000 μM (39.9 ± 3.0%, adjusted P = 0.004). At 48 h, the 100 μM group showed a transiently elevated signal (142.2 ± 32.2%, adjusted P = 0.010), whereas the relative signals were 85.5 ± 16.2%, 55.2 ± 13.3%, and 21.3 ± 1.8% at 500, 1000, and 2000 μM, respectively; the reductions at 1000 and 2000 μM were statistically significant (adjusted P = 0.006 and P < 0.001, respectively). At 72 h, the relative CCK-8 signal at 500 μM showed a descriptive downward shift to 69.1 ± 36.4%, but the difference from the 0 μM group was not statistically significant (adjusted P = 0.285). In contrast, 1000 and 2000 μM produced marked reductions to 21.0 ± 8.8% and 13.5 ± 1.1%, respectively (both adjusted P < 0.001).
The CCK-8 profile therefore showed concentration-dependent differences at each time point but did not fully parallel the scratch-wound response. Notably, 500 μM CoCl₂ was the lowest tested concentration that produced statistically significant wound-recovery failure and observable morphological injury, while its relative CCK-8 signal remained substantially higher than those observed at 1000 and 2000 μM at the later time points. On this integrated basis, 500 μM was selected as an operational, nonmaximal injury condition for subsequent molecular and pharmacological experiments. Because CCK-8 reflects dehydrogenase-dependent metabolic activity rather than directly quantifying viable-cell number or apoptosis, these findings do not establish that 500 μM was non-cytotoxic or hypoxia-specific, and concurrent direct CoCl₂ cytotoxicity cannot be excluded.
Representative morphology provided complementary evidence for the concentration-resolved injury pattern. At 500 μM CoCl₂, cell spreading was reduced, and cell rounding and enlarged intercellular gaps became evident, while a substantial population of adherent cells remained. In contrast, the 1000 and 2000 μM groups showed more extensive late-stage deterioration, including pronounced cell rounding, disruption of monolayer-like organization, detachment, and increased floating or debris-like structures (Figure 3A,B). Taken together with the scratch-wound and CCK-8 findings, these observations supported the operational selection of 500 μM as the lowest tested concentration producing clear functional and morphological injury without the more extensive late-stage damage observed at higher concentrations. The 500 μM condition was therefore selected as a measurable, nonmaximal injury window for subsequent molecular and pharmacological experiments and was not intended to represent a non-cytotoxic or hypoxia-specific model.
[image: ]Figure 2. Concentration-dependent effects of CoCl₂ on scratch-wound recovery and relative CCK-8 metabolic activity in ARPE-19 cells. (A) Representative scratch-wound images of cells exposed to 0, 10, and 100 μM CoCl₂ at 0, 6, 24, 48, and 72 h. (B) Time-course scratch-wound closure curves for the low-dose groups. (C) Relative wound-area curves for the low-dose groups, normalized to the corresponding 0 h wound area of each well. (D) Representative scratch-wound images of cells exposed to 500, 1000, and 2000 μM CoCl₂ at the same time points. (E) Relative wound-area curves for the higher-concentration groups. (F) Time-course scratch-wound closure curves for the higher-concentration groups. (G) Relative CCK-8 metabolic activity after 24, 48, and 72 h of CoCl₂ exposure. The left panel shows individual well-level values with mean ± SD, and the right panel shows concentration-response profiles across the three exposure times. Each well-level value represents the mean of six instrument-level absorbance readings obtained from two consecutive plate-reader acquisition runs. The shaded region indicates the operational 500 μM injury condition selected for subsequent molecular and pharmacological experiments. CCK-8 values represent relative dehydrogenase-dependent metabolic activity and should not be interpreted as direct measurements of viable-cell number or apoptosis. Time-course relative wound-area curves were analyzed using a repeated-measures mixed-effects model, which showed a significant concentration × time interaction (P < 0.001); endpoint statistics for the 0–72 h wound-closure rate are summarized in Table 1. CCK-8 data at each exposure time were analyzed separately using one-way ANOVA followed by Dunnett’s multiple-comparison test versus the corresponding 0 μM group. Scale bars are shown in the representative images. 
Table 1. Statistical summary of CoCl₂ dose-gradient scratch-wound recovery.
	CoCl₂ (µM)
	n wells
	0–72 h wound closure (%)
	Difference vs 0 µM (percentage points)
	95% CI
	Adjusted P vs 0 µM

	0
	3
	98.5 ± 2.6
	Reference
	—
	—

	10
	3
	100.0 ± 0.0
	+1.5
	-31.0 to 34.0
	P > 0.999

	100
	3
	87.5 ± 10.0
	-11.0
	-43.5 to 21.5
	P = 0.786

	500
	3
	-18.1 ± 21.6
	-116.6
	-149.1 to -84.1
	P < 0.001

	1000
	3
	-22.8 ± 20.1
	-121.3
	-153.8 to -88.9
	P < 0.001

	2000
	3
	-27.3 ± 12.4
	-125.8
	-158.3 to -93.4
	P < 0.001


Data are presented as mean ± SD. Each well was treated as one experimental unit. The 0–72 h wound-closure rate was calculated as (area at 0 h − area at 72 h) / area at 0 h × 100%. Difference vs 0 μM indicates the mean difference in the 0–72 h wound-closure rate relative to the 0 μM group and is expressed in percentage points. Adjusted P values were obtained using one-way ANOVA followed by Dunnett’s multiple-comparison test versus the 0 μM group. Initial wound area at 0 h was not significantly imbalanced among groups (P = 0.078). All concentration groups were performed within the same experimental batch across multiple plates. 


3.2 CoCl₂-induced wound-recovery impairment was accompanied by concentration-dependent morphological deterioration and molecular stress responses
[bookmark: OLE_LINK1]Consistent with the concentration-dependent wound-recovery results, representative non-scratch morphology images showed a graded cellular injury pattern as the CoCl₂ concentration increased. In the low-dose groups, cells exposed to 0 and 10 μM CoCl₂ largely maintained an adherent and spread morphology over time, with relatively continuous cellular coverage and only limited cell rounding. At 100 μM, the overall adherent morphology remained largely preserved, although mild late-stage irregularity became visible at 48–72 h, including reduced local compactness and occasional rounded cells (Figure 3A).
By contrast, cells exposed to 500–2000 μM CoCl₂ displayed progressively more evident injury-range morphology. At 500 μM, cell spreading was reduced, and rounded, bright, refractile cells became increasingly apparent from 24 h onward. At 1000 μM, the cell layer became more disorganized, with enlarged intercellular spaces, clustered rounded cells, and increased floating or debris-like structures. Under 2000 μM CoCl₂, monolayer-like organization was markedly disrupted, and late-stage images showed persistent loss of spread morphology together with scattered rounded or detached cells (Figure 3B). These morphological changes were consistent with the wound-recovery failure observed at the higher CoCl₂ concentrations.
For the molecular analyses presented in Figure 3C–G, cells were exposed to 500 μM CoCl₂ or the corresponding 0 μM vehicle control. Culture-supernatant ELISA showed that 4-HNE did not differ significantly between the groups at 24 h (fold change, 1.002; P = 0.057). By 48 h, however, 4-HNE was significantly increased to approximately 1.49-fold of the control level (P = 0.010). VEGF-A was also significantly elevated at 48 h, reaching approximately 1.19-fold of the control level (P = 0.002) (Figure 3C). These findings indicate that prolonged exposure to 500 μM CoCl₂ was associated with extracellular aldehyde-related and pro-angiogenic stress responses.
Western blot analysis showed that 500 μM CoCl₂ induced an early hypoxia-responsive signal and a sustained reduction in ALDH2 protein abundance. HIF-1α was significantly increased at 24 h, reaching approximately 2.75-fold of the vehicle-control level (P = 0.010). At 48 h, this difference was attenuated, with HIF-1α showing only a mild and nonsignificant increase (fold change, 1.08; P = 0.734). In parallel, ALDH2 protein abundance was significantly reduced at both 24 and 48 h, reaching approximately 0.59-fold (P = 0.039) and 0.70-fold (P = 0.006) of the control level, respectively (Figure 3D–G). BAX was also examined at 48 h as an apoptosis-associated stress marker and showed an increasing direction under 500 μM CoCl₂ exposure; however, this finding was interpreted as a directional trend because of the limited number of valid CoCl₂ lanes (Figure 3F,G).
Together, these results show that concentration-dependent wound-recovery failure was accompanied by progressive morphological deterioration. Under the selected 500 μM CoCl₂ condition, the injury phenotype was further characterized by early HIF-1α induction, reduced ALDH2 protein abundance, later increases in culture-supernatant 4-HNE and VEGF-A, and a BAX-associated increasing trend.
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[bookmark: OLE_LINK3]Figure 3. Morphological and molecular features accompanying CoCl₂-induced RPE injury. (A) Representative morphology images of cells exposed to 0, 10, and 100 μM CoCl₂ at 0, 24, 48, and 72 h. Cells in the low-dose range largely retained adherent and spread morphology, with only mild late-stage changes in the 100 μM group. (B) Representative morphology images of cells exposed to 500, 1000, and 2000 μM CoCl₂ at the same time points. Increasing CoCl₂ concentrations were accompanied by progressively greater morphological deterioration, including reduced spreading, cell rounding, enlarged intercellular spaces, and floating or debris-like structures. For panels C–G, cells were exposed to 500 μM CoCl₂ or the corresponding 0 μM vehicle control. (C) Culture-supernatant ELISA analysis of 4-HNE and VEGF-A. At 24 h, 4-HNE did not differ significantly between the 500 μM CoCl₂ and vehicle-control groups. At 48 h, 500 μM CoCl₂ significantly increased both 4-HNE and VEGF-A. Fold-change and P-value summaries are shown on the right. (D) Representative Western blot images of HIF-1α, ALDH2, and GAPDH after 24 h of 500 μM CoCl₂ exposure. (E) Representative Western blot images of HIF-1α, ALDH2, and GAPDH after 48 h of 500 μM CoCl₂ exposure. (F) Representative Western blot images of BAX and GAPDH after 48 h of 500 μM CoCl₂ exposure. (G) Densitometric quantification of the Western blot results. HIF-1α, ALDH2, and BAX were normalized to GAPDH from the corresponding lane. Five hundred micromolar CoCl₂ significantly increased HIF-1α at 24 h, whereas this difference was attenuated at 48 h. ALDH2 was significantly reduced at both 24 and 48 h. BAX showed an increasing direction at 48 h and was interpreted cautiously because of the limited number of valid CoCl₂ lanes. Scale bars are shown in the representative morphology images.
3.3 Alda-1 attenuated 500 μM CoCl₂-induced wound-recovery impairment and increased ALDH2 protein abundance
Within the Alda-1 intervention module, cells were treated with 500 μM CoCl₂ plus the matched DMSO vehicle or with 500 μM CoCl₂ plus 20 μM Alda-1. Alda-1 shifted the CoCl₂-induced wound-recovery impairment toward a partial rescue phenotype. In the 500 μM CoCl₂-only comparator group, the scratch area remained widened over time and showed an expansion-like pattern at the later time points. In contrast, cells treated with 500 μM CoCl₂ plus 20 μM Alda-1 showed a narrower wound gap and a more favorable wound-closure trajectory by 72 h (Figure 4A,C).
Quantitatively, the 500 μM CoCl₂-only group showed a negative 0–72 h wound-closure rate of −34.7 ± 16.7%, whereas the 500 μM CoCl₂ plus 20 μM Alda-1 group showed a positive wound-closure rate of 12.6 ± 20.4%. The between-group mean difference was 47.3 percentage points, with a 95% confidence interval of 4.4 to 90.2 percentage points, and this difference reached statistical significance (P = 0.038; Table 2). This comparison was made against the concurrently processed CoCl₂-only comparator within the same experimental module.
Representative morphology images were consistent with the functional findings. Under 500 μM CoCl₂ exposure, cells progressively showed reduced spreading, increased numbers of rounded or bright cells, and less organized cellular coverage, particularly at 48–72 h. Alda-1 treatment partially preserved adherent and spread cellular morphology, with fewer overtly rounded or debris-like cells and a relatively more continuous cellular layer compared with 500 μM CoCl₂ alone (Figure 4B).
The molecular results provided partial support for the protective direction observed in the scratch-wound and morphology assays. In culture-supernatant ELISA, 20 μM Alda-1 did not produce a consistent reduction in 4-HNE under 500 μM CoCl₂ exposure at either 24 or 48 h, whereas VEGF-A at 48 h showed a lower direction in the Alda-1-treated group (Figure 4D). Western blot analysis at 24 h showed no clear reduction in HIF-1α, while ALDH2 protein abundance showed an increasing direction. At 48 h, Alda-1 significantly increased ALDH2 protein abundance compared with the concurrently processed 500 μM CoCl₂-only group (P = 0.014; Figure 4E,F). Overall, the Alda-1-associated protective direction was supported most clearly by the significant improvement in wound recovery and the increase in ALDH2 protein abundance at 48 h, with morphology preservation and the lower VEGF-A direction providing additional supportive evidence. The culture-supernatant 4-HNE response was not consistently reduced.
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[bookmark: OLE_LINK5]Figure 4. Alda-1 attenuates 500 μM CoCl₂-induced wound-recovery impairment and increases ALDH2 protein abundance. (A) Representative scratch-wound images of cells treated with 500 μM CoCl₂ plus the matched DMSO vehicle or 500 μM CoCl₂ plus 20 μM Alda-1 at 0, 24, 48, and 72 h. Alda-1 treatment produced a narrower late-stage wound gap than the concurrently processed CoCl₂-only comparator. (B) Representative morphology images under the same treatment conditions. Alda-1 partially preserved adherent and spread cellular morphology and reduced the appearance of overtly rounded or debris-like cells compared with 500 μM CoCl₂ alone. (C) Quantitative scratch-wound analysis showing relative wound area and scratch-wound closure over time. Endpoint statistics for the 0–72 h wound-closure rate are summarized in Table 2. (D) Culture-supernatant ELISA analysis of 4-HNE and VEGF-A under 500 μM CoCl₂ exposure with or without 20 μM Alda-1. Mean differences and percentage effects are shown as descriptive effect-size readouts. Alda-1 did not consistently reduce 4-HNE, whereas VEGF-A showed a lower direction at 48 h. (E) Western blot analysis of HIF-1α and ALDH2 after 24 h of 500 μM CoCl₂ exposure with or without 20 μM Alda-1. HIF-1α did not show a clear reduction, whereas ALDH2 showed an increasing direction. (F) Western blot analysis of ALDH2 after 48 h under the same treatment conditions. Alda-1 significantly increased ALDH2 protein abundance compared with the concurrently processed 500 μM CoCl₂-only group. Only statistically significant P values are annotated in the figure. Scale bars are shown in the representative image.
Table 2. Statistical summary of Alda-1 scratch-wound recovery under CoCl₂ stress.
	Treatment
	n wells
	0–72 h wound closure (%), mean ± SD
	Difference vs CoCl₂, percentage points
	95% CI
	P value

	CoCl₂
	3
	−34.7 ± 16.7
	—
	—
	—

	CoCl₂ + Alda-1
	3
	12.6 ± 20.4
	47.3
	4.4 to 90.2
	P = 0.038


Data are presented as mean ± SD. Each well was treated as one experimental unit. The 0–72 h wound-closure rate was calculated as (area at 0 h − area at 72 h) / area at 0 h × 100%. Difference vs CoCl₂ indicates the mean difference in the 0–72 h wound-closure rate between the 500 μM CoCl₂ plus 20 μM Alda-1 group and the concurrently processed 500 μM CoCl₂ plus vehicle group and is expressed in percentage points. The between-group comparison was performed using Welch’s unpaired t-test.
3.4 Daidzin exacerbated CoCl₂-induced wound-recovery impairment and was accompanied by upward extracellular stress-marker directions
Within the Daidzin intervention module, cells were treated with 500 μM CoCl₂ plus the matched DMSO vehicle or with 500 μM CoCl₂ plus 20 μM Daidzin. Compared with the concurrently processed 500 μM CoCl₂-only comparator, Daidzin produced a less favorable wound-recovery trajectory. The scratch gap remained wider at the later time points, and the relative wound-area curve shifted upward rather than progressively declining (Figure 5A,C).
Quantitative analysis confirmed the aggravating functional effect of Daidzin. The 500 μM CoCl₂ plus vehicle group showed a positive 0–72 h wound-closure rate of 22.6 ± 9.3%, whereas the 500 μM CoCl₂ plus 20 μM Daidzin group showed a negative wound-closure rate of −30.5 ± 17.8%. The between-group mean difference was −53.1 percentage points, with a 95% confidence interval of −89.9 to −16.3 percentage points, and the difference reached statistical significance (P = 0.019; Table 3). This comparison was made against the concurrently processed CoCl₂-only comparator within the same experimental module.
Representative morphology images were consistent with the quantitative wound-recovery findings. In the 500 μM CoCl₂-only group, some cells retained adherent and spindle-like morphology despite stress-associated changes. In contrast, cells treated with 500 μM CoCl₂ plus 20 μM Daidzin showed a poorer late-stage phenotype, particularly at 48–72 h, with increased numbers of rounded and bright cells, reduced cellular organization, and more floating or debris-like structures (Figure 5B).
Culture-supernatant ELISA showed that Daidzin did not reduce extracellular stress-marker readouts under 500 μM CoCl₂ exposure. The 24 h 4-HNE level changed little between the groups, whereas 4-HNE at 48 h showed a marked upward direction in the Daidzin-treated group. VEGF-A at 48 h also shifted upward compared with the concurrently processed 500 μM CoCl₂-only group (Figure 5D). Because these differences were presented as descriptive effect-size directions rather than statistically significant changes, they were interpreted as supportive but not confirmatory molecular evidence.
Western blot analysis at 24 h showed that 20 μM Daidzin did not further increase HIF-1α and did not produce a clear reduction in ALDH2 protein abundance under 500 μM CoCl₂ exposure (Figure 5E). Overall, the Daidzin-associated aggravating direction was supported most clearly by the statistically significant impairment of wound recovery and the poorer late-stage morphology. The upward 48 h 4-HNE and VEGF-A directions provided additional descriptive support, whereas the early ALDH2 protein response did not show a simple inverse pattern relative to the Alda-1 intervention.
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Figure 5. Daidzin exacerbates 500 μM CoCl₂-induced wound-recovery impairment and is accompanied by upward shifts in extracellular stress-marker readouts. (A) Representative scratch-wound images of cells treated with 500 μM CoCl₂ plus the matched DMSO vehicle or 500 μM CoCl₂ plus 20 μM Daidzin at 0, 24, 48, and 72 h. The Daidzin-treated group showed a wider late-stage wound gap than the concurrently processed CoCl₂-only comparator. (B) Representative morphology images under the same treatment conditions. Cells treated with 500 μM CoCl₂ plus 20 μM Daidzin showed poorer late-stage morphology, including increased cell rounding, reduced cellular organization, and more floating or debris-like structures compared with 500 μM CoCl₂ alone. (C) Quantitative scratch-wound analysis showing relative wound area and scratch-wound closure over time. Endpoint statistics for the 0–72 h wound-closure rate are summarized in Table 3. (D) Culture-supernatant ELISA analysis of 4-HNE and VEGF-A under 500 μM CoCl₂ exposure with or without 20 μM Daidzin. Mean differences and percentage effects are shown as descriptive effect-size readouts. Daidzin had little effect on 4-HNE at 24 h, whereas 4-HNE and VEGF-A at 48 h showed upward directions compared with the concurrently processed CoCl₂-only group. (E) Western blot analysis of HIF-1α and ALDH2 after 24 h of 500 μM CoCl₂ exposure with or without 20 μM Daidzin. Daidzin did not further increase HIF-1α and did not produce a clear reduction in ALDH2 protein abundance at this time point. Scale bars are shown in the representative images.
Table 3. Statistical summary of Daidzin scratch-wound recovery under CoCl₂ stress.
	Treatment
	n wells
	0–72 h wound closure (%), mean ± SD
	Difference vs CoCl₂, percentage points
	95% CI
	P value

	CoCl₂
	3
	22.6 ± 9.3
	—
	—
	—

	CoCl₂ + Daidzin
	3
	−30.5 ± 17.8
	-53.1
	-89.9 to -16.3
	P = 0.019


Data are presented as mean ± SD. Each well was treated as one experimental unit. The 0–72 h wound-closure rate was calculated as (area at 0 h − area at 72 h) / area at 0 h × 100%. Difference vs CoCl₂ indicates the mean difference in the 0–72 h wound-closure rate between the 500 μM CoCl₂ plus 20 μM Daidzin group and the concurrently processed 500 μM CoCl₂ plus vehicle group and is expressed in percentage points. The between-group comparison was performed using Welch’s unpaired t-test.
4. Discussion
The present study shows that CoCl₂ exposure impaired RPE scratch-wound recovery and cellular morphology and produced graded changes in the relative CCK-8 signal across concentrations and exposure times, while ALDH2-associated pharmacological modulation shifted this injury phenotype in opposite directions. Alda-1 attenuated the CoCl₂-induced injury phenotype and restored ALDH2 protein abundance, whereas Daidzin exacerbated wound-recovery impairment and shifted extracellular stress-marker readouts in an unfavorable direction. Molecular validation further showed that the CoCl₂-induced phenotype was accompanied by early HIF-1α activation, ALDH2 reduction, extracellular 4-HNE/VEGF-A elevation, and a BAX-associated increasing trend. Together, these findings support ALDH2-associated aldehyde-detoxifying defense as a modulatory component of CoCl₂-induced hypoxia-related RPE stress, rather than establishing a single linear molecular mechanism.
The concentration-dependent phenotype indicates that CoCl₂ generated graded cellular responses across the tested range [7,9-11]. Mild exposure was compatible with preserved wound-edge recovery and adherent cellular morphology, whereas higher exposure was associated with persistent wound opening, negative wound-closure values, and morphology deterioration. The CCK-8 assay showed a related but not identical graded response. The 10 and 100 μM groups did not show a sustained reduction in the relative CCK-8 signal, whereas 1000 and 2000 μM CoCl₂ produced marked late-stage decreases. Because CCK-8 is a metabolic readout, the transiently higher signals observed at low concentrations should not be interpreted as direct evidence of increased cell number. These findings suggest that the scratch-wound phenotype reflected a combined effect of cellular stress, impaired wound-edge repopulation, and disruption of cell-layer integrity [28-30,32]. The 500 μM condition represented an operational, non-maximal injury level, showing clear wound-recovery failure and morphological deterioration together with a descriptive, nonsignificant late downward shift in the relative CCK-8 signal, but without the extensive late-stage loss observed at 1000 and 2000 μM. Accordingly, 500 μM provided a practical balance between inducing a reproducible injury phenotype and retaining a non-maximal metabolic signal and a substantial adherent-cell population for subsequent molecular and pharmacological analyses. It was therefore selected as the lowest tested concentration producing statistically significant functional injury and observable morphological damage without the more extensive injury phenotype observed at higher concentrations. This selection does not define 500 μM as a non-cytotoxic or hypoxia-specific condition. This concentration-dependent separation provided a functional context for interpreting the subsequent molecular and pharmacological findings.
The molecular profile further supports the presence of both hypoxia-related and aldehyde-associated components in this injury phenotype. The early increase in HIF-1α supports the activation of hypoxia-related signaling [33-38], whereas the later extracellular 4-HNE and VEGF-A changes suggest aldehyde-associated and pro-angiogenic stress responses [12-15,33,34]. However, HIF-1α induction does not establish that the entire injury phenotype was exclusively hypoxic or exclude concurrent direct CoCl₂ cytotoxicity. ALDH2 protein abundance decreased during CoCl₂ exposure, providing a plausible link between the chemical injury condition and impaired aldehyde-handling capacity. Since 4-HNE is a lipid peroxidation-derived reactive aldehyde and ALDH2 contributes to reactive aldehyde detoxification, reduced ALDH2 abundance may weaken aldehyde-detoxifying reserve and increase cellular susceptibility to aldehyde-associated injury [12-17]. Nevertheless, these temporal associations are compatible with, but do not prove, a direct causal pathway linking ALDH2 reduction to the extracellular 4-HNE and VEGF-A changes.
The Alda-1 intervention supports the protective direction of ALDH2-associated modulation. Alda-1 improved wound recovery and partially preserved cellular morphology, with the most consistent molecular change being restoration of ALDH2 protein abundance. This pattern is compatible with the role of Alda-1 as an ALDH2 activator/chemical chaperone [19-21,39] and suggests that strengthening ALDH2-associated defense may help maintain RPE repair capacity under CoCl₂-induced stress. The culture-supernatant 4-HNE response was not uniformly reduced by Alda-1, while VEGF-A showed a lower direction. This pattern suggests that Alda-1-associated protection was more clearly reflected by functional recovery, morphology preservation, ALDH2 restoration, and VEGF-A reduction direction than by a uniform decrease in extracellular 4-HNE. Therefore, the present data do not establish that Alda-1-associated protection was mediated exclusively through a measurable reduction in extracellular 4-HNE.
The Daidzin arm provided a complementary but more complex perspective. Functionally, Daidzin opposed the Alda-1 direction and aggravated the CoCl₂-induced wound-recovery phenotype. However, its early molecular pattern was not a simple reverse image of Alda-1, as Daidzin did not produce a clear early reduction in ALDH2 protein abundance or further enhancement of HIF-1α. This dissociation indicates that the Daidzin response in this system cannot be reduced to ALDH2 protein expression alone. As an isoflavone glycoside [22,23], Daidzin may have ALDH2-independent redox-modulatory properties in addition to its inhibitory effect on ALDH2 enzymatic activity [22-24]. Because ALDH2 enzymatic activity was not directly measured, the present data cannot determine whether the functional worsening associated with Daidzin resulted from reduced ALDH2 catalytic activity, compound-specific effects, or a combination of mechanisms. ALDH2 protein abundance and enzymatic activity should therefore not be interpreted as interchangeable readouts.
Taken together, the Alda-1 and Daidzin findings indicate that ALDH2-related modulation in CoCl₂-induced RPE injury is not fully explained by a single linear marker. Alda-1 showed a clearer protective pattern at the functional and ALDH2 protein levels, whereas Daidzin produced functional worsening despite a non-linear early protein response. These observations suggest that CoCl₂-induced RPE injury involves overlapping processes, including hypoxia-related signaling, aldehyde-associated stress, extracellular stress-marker accumulation, disruption of cell-layer integrity, and compound-specific ALDH2-independent effects. The Alda-1 and Daidzin interventions were performed as separate experimental modules; therefore, each drug effect was interpreted relative to its own concurrently processed 500 μM CoCl₂ comparator rather than through direct quantitative comparison between the two intervention modules. The current results therefore support an ALDH2-associated modulatory framework in CoCl₂-induced RPE stress, but do not establish a definitive linear pathway.
Several limitations should be acknowledged. First, CoCl₂ is a useful chemical hypoxia mimetic but does not fully reproduce physiological retinal hypoxia or ischemia [7,8]. Although early HIF-1α induction supports the engagement of hypoxia-responsive signaling, the present data cannot distinguish hypoxia-related injury from concurrent nonspecific CoCl₂ cytotoxicity. Second, ARPE-19 cells provide a convenient RPE model but cannot fully represent primary human RPE or the in vivo retinal microenvironment [26,27]. Third, scratch-wound closure reflects wound-edge recovery, whereas CCK-8 is an indirect metabolic readout; neither endpoint alone directly measures viable cell number. In addition, CCK-8 cannot distinguish altered metabolic activity or reduced proliferation from apoptosis, necrosis, or other forms of cellular dysfunction. Direct quantitative apoptosis/necrosis assays were not performed; therefore, the relative contributions of impaired migration, altered proliferation, cell detachment, apoptosis, and necrosis to the observed wound enlargement and morphological deterioration cannot be determined from the present data. Fourth, ALDH2 enzymatic activity was not directly measured; therefore, changes in ALDH2 catalytic function cannot be established from the present pharmacological and protein-expression data alone. Fifth, culture-supernatant 4-HNE reflects extracellular aldehyde-related changes rather than direct intracellular aldehyde burden, and it may be affected by assay timing, sample handling, kit differences, and compartment-specific aldehyde dynamics [12-15]. Sixth, BAX provided only directional apoptosis-associated support because the number of valid CoCl₂ lanes was limited [40]. Finally, Alda-1 and Daidzin were used as selected in vitro working concentrations, and the present results do not establish optimized therapeutic doses or directly translatable intraocular dosing regimens. Accordingly, the present model should be interpreted as a CoCl₂-induced hypoxia-related injury phenotype rather than a fully validated hypoxia-specific or non-cytotoxic model.
Conclusions
In conclusion, CoCl₂ induced a concentration- and time-dependent hypoxia-related and aldehyde-associated RPE injury phenotype characterized by impaired wound recovery, morphological deterioration, and late-stage reductions in the CCK-8 metabolic signal at higher concentrations, together with early HIF-1α activation, reduced ALDH2 protein abundance, and extracellular 4-HNE/VEGF-A elevation. Alda-1 improved wound recovery and increased ALDH2 protein abundance, whereas Daidzin aggravated wound-recovery impairment under sustained CoCl₂ stress. These findings support ALDH2-associated aldehyde-detoxifying defense as a modulatory component of hypoxia-related RPE stress responses.
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