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Protective effects of docosahexaenoic acid combined with bilberry extract on myopic Guinea pigs
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This study aims to investigate the protective effects of docosahexaenoic acid (DHA) combined with bilberry extract (BE) on myopic guinea pigs. In total, 105 healthy pigmented guinea pigs aged 2 weeks were selected and randomly divided into five groups. The normal control (NC) group received no treatment, while the experimental groups wore −6.0D lenses on the right eye to establish an animal model of lens-induced myopia (LIM). These groups were further divided based on different treatments: normal feeding, DHA treatment, BE treatment, and combined DHA + BE treatment. Refractive error and axial length for both eyes were measured before modeling, after 4 weeks of modeling, and after 8 weeks of treatment. Fundus examination was performed, and choroidal thickness, choroidal vascularity index (CVI), maximal mixed response in dark adaptation (Max-ERG), and cone cell response in light adaptation (Cone-ERG) were measured. After 8 weeks of treatment, we observed a significant reduction in refractive error and shortening of axial length, improvement in fundus condition, and increased choroidal thickness and CVI in the LIM + DHA + BE group. Electroretinogram (ERG) showed that the amplitudes of a-wave and b-wave were enhanced in both Max-ERG and Cone-ERG tests. The LIM + DHA + BE group exhibited superior effects compared to the LIM + DHA group and the LIM + BE group. The combination of DHA and BE delayed the progression of LIM in guinea pigs and was more effective than DHA or BE alone. The synergistic effect of DHA and BE offers a new approach to the prevention and treatment of myopia.
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1 Introduction

In recent years, the incidence of myopia has progressively increased among children in China, with early-onset myopia being particularly prominent (1, 2). Consequently, the prevention and treatment of myopia have become top priorities. Currently, myopia is primarily managed through behavioral, pharmaceutical, and optical interventions, each with its limitations. Behavioral interventions, such as increased outdoor activity time, can effectively prevent myopia, but it is challenging to ensure and maintain consistent outdoor activity (3, 4). Pharmaceutical interventions, such as the use of low-concentration atropine drops, have been effective in slowing the progression of myopia in some children; however, side effects like photophobia and increased intraocular pressure have limited their use (5, 6). Additionally, orthokeratology lenses pose an increased risk of infectious keratitis and necessitate professional support (7, 8). Our previous study also demonstrated a close relationship between choroidal thickness (ChT) and both blood flow and myopia (9). Studies have indicated that reduced choroidal blood perfusion (ChBp) is a crucial factor involved in scleral hypoxia and the development and progression of myopia (10, 11). Therefore, improving scleral oxygenation may be an effective treatment strategy for controlling the progression of myopia (12). In the absence of effective treatment methods, dietary supplements have received increasing attention as safe and feasible means of controlling and preventing myopia (13–17).

Docosahexaenoic acid (DHA) is an essential dietary fatty acid for the human body (18, 19). Studies have shown that dietary DHA protects against myopia (20, 21), and lipidomic analysis has demonstrated that DHA inhibits choroidal thinning associated with myopia (22). These animal and human studies suggest that DHA is an accessible candidate for controlling myopia. However, children often do not consume sufficient dietary DHA, necessitating dietary supplementation (11, 23).

Previous studies have found that bilberry extract (BE) promotes the regeneration of rhodopsin, improves retinal microcirculation, and enhances night vision (24–26). However, whether BE can delay the progression of myopia by acting on choroidal blood vessels remains unclear. Recent studies have combined BE with DHA to form a mixture, finding that their synergistic effects enhance their therapeutic benefits, more effectively alleviating eye fatigue and improving fundus blood flow (27, 28). Therefore, this study aimed to explore the combined effects of DHA and BE in controlling myopia, offering new ideas and methods for myopia prevention and control.



2 Materials and methods


2.1 Animal husbandry and grouping

In total, 105 two-week-old male British tricolor shorthair guinea pigs (110 ± 10 g) were purchased from Jiangxi Zhonghong Boyuan Biotechnology Co., Ltd. (License No. SYXK-Gan2020-0001). The guinea pigs were housed at the Animal Experiment Center of the Fujian Provincial Center for Disease Control and Prevention. The guinea pigs were kept in transparent clean plastic cages, with 4–5 guinea pigs per cage. The lighting intensity was approximately 300 lux, with an ambient temperature of 22°C. The guinea pigs had free access to water and food under natural light, strictly adhering to a 12 h (h) /12 h light–dark cycle. All guinea pigs underwent an ocular examination to exclude conditions such as congenital myopia, cataracts, and corneal diseases. After 1 week of acclimatization, the guinea pigs were randomly divided into five groups: normal control (NC), lens-induced myopia (LIM), DHA-treated LIM (LIM + DHA), BE-treated LIM (LIM + BE), and DHA + BE-treated LIM (LIM + DHA + BE), with 21 guinea pigs in each group. We take the method of random number grouping for 105 guinea pigs. Firstly, we prepared paper strips, wrote the numbers from 1 to 105 on 105 paper strips, and marked the guinea pigs’ ear tags with the numbers from 1 to 105. Then lots were drawn and the slips of paper were placed into a closed container and 21 slips of paper were randomly selected for the first group, followed by 21 slips of paper for the next group, and so on until all groups were complete. Finally, confirm the grouping, ensuring that each group has the same number of samples, and record the guinea pig number of each group for subsequent experiments. After completing the grouping, the guinea pigs in each group can be experimented on according to the experimental design, keeping the other variables consistent to ensure the reliability of the results. The feeding temperature was 20–26°C, humidity was 40–70%, light level was 200–400 Lux, light/dark time ratio was 12/12 h per day, and the guinea pigs were fed with specialized guinea pig feeds with sufficient water and feed, and the guinea pigs were supplemented with appropriate amount of vitamin C in the water. All animal experimental procedures followed the norms for the use of animals in ophthalmic research as set out in the American Association for Research in Vision and Ophthalmology (ARVO) declaration. The management of the experimental animals complied with the “Regulation on the Administration of Laboratory Animals of the Ministry of Health of the People’s Republic of China” and was approved by the ethics committee of Fujian Provincial Governmental Hospital, (Ethical Approval Number: RL2024-04).



2.2 Establishment of the LIM model

The animal model of LIM was prepared using a defocus-induced myopia modeling method. Custom −6.0D polymethyl methacrylate (PMMA) lenses were used, with the right eye fitted with a −6.0D lens and the left eye uncovered as the internal control. During the study, the eyes of guinea pigs were examined daily. Apart from the NC group, guinea pigs in the negative control and pharmaceutical intervention groups wore a 3D printed headgear fitted with PMMA lenses on the right eye for 4 weeks, inducing defocus-type myopia in the right eye. The LIM model was evaluated based on changes in refractive error and axial length. Increased myopic refractive error and elongation of the axial length after modeling indicated the successful establishment of the model (Figures 1A,B).
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FIGURE 1
 Changes in refractive error and axial length in guinea pigs before and after the construction and treatment of the LIM model. (A) Schematic of the LIM model construction and treatment process; (B) Guinea pig with PMMA lens on the right eye in the LIM model; (C) Comparison of refractive error results among groups before modeling; (D) Comparison of axial length results among groups before modeling; (E) Comparison of refractive error results among groups 4 weeks after modeling; (F) Comparison of axial length results among groups 4 weeks after modeling; (G) Comparison of refractive error results among groups 8 weeks after treatment; (H) Comparison of axial length results among groups 8 weeks after treatment. LIM: Lens-induced myopia; PMMA: Polymethyl methacrylate; NC: Normal control; LIM: Lens-induced myopia; DHA: Docosahexaenoic acid; BE: Bilberry extract. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




2.3 Treatment methods

After the successful establishment of the model, the groups underwent gastric lavage treatment with medications for 8 weeks. The NC group and the LIM group received normal food according to the results of the equivalent dose conversion and pre-test. The LIM + DHA group received gastric lavage with DHA algal oil (containing 35% DHA) at a dose of 100 mg/kg, which was five times the recommended human dose of 20 mg/kg (21). The LIM + BE group received gastric lavage with BE at a dose of 16.5 mg/kg, which was five times the recommended human dose of 3.3 mg/kg. BE solid powder (extracted with 70% ethanol) was dissolved in edible vegetable oil (29). The LIM + DHA + BE group received gastric lavage with DHA algal oil (containing 35% DHA) at a dose of 100 mg/kg combined with BE solid powder (extracted with 70% ethanol) at a dose of 16.5 mg/kg. Given the viscous, oily nature of the mixture, it was diluted with edible oil before administration (Figure 1A). The process of preparation of DHA and BE extracts is described in Supplementary materials.



2.4 Measurement of refractive error and axial length

Before modeling, 4 weeks after modeling, and 8 weeks after treatment, the refractive error of each group of guinea pigs was measured using streak retinoscopy. Before the examination, pupils were dilated with 1% cyclopentolate hydrochloride eye drops. Two drops were administered every 10 min. Refractive measurements were performed 30 min later, with a working distance of 50 cm. The entire process was conducted by the same skilled optometrist in a dark room, averaging the refractive values from the vertical and horizontal principal meridians. Axial length measurements were conducted using an ophthalmic A-scan ultrasonography device (Tianjin Suowei Electronic Technology Co., Ltd.). Before measurement, the surface of the eye was anesthetized with 0.5% proparacaine. During the measurement, the probe was lightly touched to the corneal surface and positioned perpendicular to the corneal apex. Manual continuous measurements were taken 10 times. The outliers were removed, and the average value was calculated. The entire procedure was completed by the same skilled technician.



2.5 Measurement of ChT and CVI in guinea pigs

BMizar 400KHz Full-Range SS-OCT (TowardPi Medical Technology Co., Ltd., Beijing, China) was used to measure the guinea pigs’ ChBP. The pupils of each guinea pig were dilated using 1% cyclopentolate hydrochloride eye drops. Under dim red light, the guinea pigs were anesthetized intraperitoneally with 3% pentobarbital sodium (50 mg/kg). Blood flow was captured using the optical coherence tomography angiography (OCTA) mode, with scans centered on the optic disk. The scans were conducted horizontally and vertically, covering an area of 12 × 12 mm. Each position was scanned twice to obtain optimal images. The optical media of guinea pig eyes were clear, and the quality of the OCTA images reached a score of 10. Images with a quality score of 6 or higher were considered acceptable. After completing these measurements, ChT was analyzed by the software to detect the CVI of the guinea pigs.



2.6 Electroretinogram measurement

We utilized the Celeris system (Diagnosys LLC) electrophysiological operating system to assess changes in guinea pig visual function. ERG measurements primarily recorded three types of electrophysiological responses on the retina: maximal mixed response in dark adaptation (Max-ERG), cone cell response in light adaptation (Cone-ERG), and oscillatory potentials in both dark and light adaptation (OPS). ERG analysis was used to determine the latency and amplitude of each waveform. The guinea pigs were dark-adapted for 12 h beforehand, and their pupils were dilated with 1% cyclopentolate hydrochloride eye drops 30 min before recording. Under dim red light, the guinea pigs were anesthetized with an intraperitoneal injection of 3% pentobarbital sodium (50 mg/kg) and laid flat on a platform with fixed support. A heating pad was used to maintain the body temperature of guinea pigs. Their eyes were anesthetized with 0.5% proparacaine and protected with levofloxacin. Ag/AgCl corneal electrodes were placed on both eyes, and the guinea pigs received rapid stimuli through the corneal stimulator. The corneal stimulator was carefully aligned with the corneal surface to minimize contact errors during measurements.



2.7 Statistical analysis methods

All data were analyzed using SPSS version 22.0 (IBM, Armonk). The Shapiro–Wilk normality test was used to assess the distribution of data. Independent data were compared using unpaired two-tailed student’s t-tests or nonparametric Mann–Whitney U tests. Optometry was included. For multiple comparisons, one-way analysis of variance (ANOVA) or two-way ANOVA with Bonferroni’s post hoc tests were utilized. Several types of data were included: axial measurements, ChT and CVI Max-ERG, OPS, and Cone-ERG. p < 0.05 indica una differenza statisticamente significativa, ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




3 Results


3.1 Changes in refractive error and axial length

Before modeling, there were no significant differences in refractive error and axial length between the groups (Figures 1C,D). Four weeks after modeling, the myopic refractive error of the right eye significantly increased in the LIM (−3.65 ± 1.52 D), LIM + DHA + BE (−3.50 ± 1.43 D), LIM + DHA (−3.70 ± 1.27 D), and LIM + BE (−3.55 ± 1.27 D) groups compared to the NC group (2.27 ± 0.68 D) (Figure 1E; p < 0.001). The axial length of the right eye also significantly increased in the LIM (11.33 ± 1.68 mm), LIM + DHA + BE (11.27 ± 1.59 mm), LIM + DHA (11.53 ± 1.40 mm), and LIM + BE (11.53 ± 1.40 mm) groups compared to the NC group (8.61 ± 1.05 mm) (Figure 1F; p < 0.01). After 8 weeks of treatment, the myopic refractive error of the right eye decreased in the LIM + DHA + BE (−2.33 ± 0.99 D) and LIM + DHA (−2.58 ± 0.44 D) groups compared to the LIM group (−3.64 ± 1.48 D) (Figure 1G; p < 0.05). The axial length of the right eye in the LIM + DHA + BE group (9.94 ± 1.09 mm) showed a significant reduction compared to the LIM group (11.31 ± 1.71 mm) (p < 0.05), while there were no significant differences between the LIM + DHA group (10.42 ± 1.06 mm) and the LIM + BE group (10.59 ± 1.57 mm; (Figure 1H). There were no significant differences in the refractive error and axial test results of the left eyes of guinea pigs in all groups at 4 weeks after modeling and 8 weeks after treatment (Supplementary Figures S1A–D).



3.2 Changes in ChT and CVI of guinea pigs

We assessed the ChT and right eye CVI of guinea pigs in all groups (Figures 2A–D). Before modeling, there were no significant differences in ChT among the groups (Figure 3A). Four weeks after modeling, the right eye ChT significantly decreased in the LIM (89.00 ± 10.37 μm), LIM + DHA + BE (87.5 ± 9.97 μm), LIM + DHA (86.80 ± 8.38 μm), and LIM + BE (89.8 ± 8.57 μm) groups compared to the NC group (107.20 ± 12.48 μm; Figure 3B; p < 0.001). After 8 weeks of treatment, compared to the LIM group (89.00 ± 10.37 μm), the right eye ChT showed no significant change in the LIM + BE group (97.30 ± 9.52 μm), increased in the LIM + DHA group (94.07 ± 110.25 μm), and significantly increased in the LIM + DHA + BE group (98.08 ± 9.62 μm; Figure 3C; Supplementary Table S1, p < 0.001). Before modeling, there were no significant differences in the right eye CVI among the groups (Figure 3D). Four weeks after modeling, the right eye CVI significantly decreased in the LIM (22.55 ± 4.59%), LIM + DHA + BE (20.75 ± 3.31%), LIM + DHA (20.40 ± 2.84%), and LIM + BE (20.80 ± 4.08%) groups compared to the NC group (30.64 ± 5.97%) (Figure 3E; p < 0.001). After 8 weeks of treatment, compared to the LIM group (22.73 ± 4.43%), there were no significant changes in the right eye CVI in the LIM + DHA (24.07 ± 3.62%) and LIM + BE (23.70 ± 3.89%) groups, but an increase was observed in the LIM + DHA + BE group (27.17 ± 5.46%) (Figure 3F; Supplementary Table S1; p < 0.05). In the right eye of the NC group, the central area of the fundus was seen to be covered by the intact choroid, and the larger blood vessels below were completely covered by capillaries and small vessels, which could not be clearly identified in the color fundus images even under the strongest light intensity. Compared with the NC group, the fundus of the right eye in the LIM group, LIM + DHA group, LIM + BE group, LIM + DHA + BE group at 4 weeks after modeling showed larger blood vessels around the optic disk and thin sheets of capillaries, small blood vessels, and small areas without blood vessels were seen in the larger blood vessels, and choroidal atrophy, and in severe cases, the choroidal and small vessel layers were seen to be completely lost, leaving behind only twisted and enlarged blood vessels. Compared with 4 weeks after modeling, choroidal atrophy was seen to be reduced in the fundus of the LIM + DHA group at 12 weeks after treatment, and some of the gross choroidal and small vessel layers were restored (Figure 3). The ChT and CVI test results in the left eyes of guinea pigs in all groups were not significantly different at 4 weeks after modeling and 8 weeks after treatment (Supplementary Figures S2A–D).
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FIGURE 2
 Assessment of ChT and CVI changes in guinea pigs. (A) Wide-angle view of the retinal blood flow in guinea pig eyes; (B) Blood flow around the optic nerve and peripheral retina; (C) ChT centered on the optic disk (area marked by yellow line); (D) CVI in nine regions centered on the optic disk. ChT: Choroidal thickness; CVI: Choroidal vascularity index.
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FIGURE 3
 Comparison of ChT and CVI results in guinea pigs. (A) Comparison of ChT across groups before modeling; (B) Comparison of ChT across groups 4 weeks after modeling; (C) Comparison of ChT across groups 8 weeks after treatment; (D) Comparison of CVI across groups before modeling; (E) Comparison of CVI across groups 4 weeks after modeling; (F) Comparison of CVI across groups 8 weeks after treatment. ChT: Choroidal thickness; CVI: Choroidal vascularity index. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.




3.3 Results of max-ERG, OPS, and cone-ERG measurements

We assessed Max-ERG and Cone-ERG in all groups of guinea pigs (Figures 4A–D). The results of Max-ERG indicated that before modeling, under dark-adapted conditions with LA 1 cd*s/m2 stimulation, there were no significant differences in the a-waves and b-waves of Max-ERG among the groups (Figures 5A,B). Four weeks after modeling, compared to the NC group (a-wave 5.37 ± 2.05 μV; b-wave 11.34 ± 3.78 μV), the right eye Max-ERG a-waves and b-waves were reduced in the LIM (a-wave 3.26 ± 1.87 μV; b-wave 8.76 ± 2.87 μV), LIM + DHA + BE (a-wave 3.42 ± 1.07 μV; b-wave 8.52 ± 1.70 μV), LIM + DHA (a-wave 3.38 ± 1.14 μV; b-wave 8.61 ± 1.76 μV), and LIM + BE (a-wave 3.38 ± 0.91 μV; b-wave 8.81 ± 1.50 μV) groups (Figures 5C,D, a-wave, p < 0.01; b-wave, p < 0.05). After 8 weeks of treatment, compared to the LIM group (a-wave 3.36 ± 1.41 μV; b-wave 8.79 ± 2.73 μV), the Max-ERG a-waves and b-waves of the right eye increased in the LIM + DHA + BE (a-wave 5.11 ± 0.88 μV; b-wave 14.09 ± 3.99 μV), LIM + DHA (a-wave 5.05 ± 0.75 μV; b-wave 12.63 ± 1.63 μV), and LIM + BE (a-wave 4.71 ± 0.87 μV; b-wave 13.96 ± 3.42 μV) groups (Figures 5E,F, a-wave, p < 0.001; b-wave, p < 0.01). Additionally, there were no significant differences in dark-adapted OPS waves before modeling, 4 weeks after modeling, and 8 weeks after treatment (Figures 6A–C).

[image: Figure 4]

FIGURE 4
 Max-ERG and Cone-ERG results after 8 weeks of treatment; (A) Overlaid a-wave and b-wave forms of Max-ERG across groups; (B) Overlaid a-wave and b-wave forms of Cone-ERG across groups; (C) Guinea pig dark-adapted OPS recording; (D) Guinea pig light-adapted OPS recording. Blue represents the LIM + DHA + BE group, purple represents the LIM + DHA group, green represents the LIM + BE group, red represents the LIM group. Max-ERG: Maximal mixed response in dark adaptation; Cone-ERG: Cone cell response in light adaptation; OPS: oscillatory potentials in both dark and light adaptation.
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FIGURE 5
 Comparison of a-wave and b-wave results in Max-ERG; (A) Comparison of a-wave results in Max-ERG among groups before modeling; (B) Comparison of b-wave results in Max-ERG among groups before modeling; (C) Comparison of a-wave results in Max-ERG among groups 4 weeks after modeling; (D) Comparison of b-wave results in Max-ERG among groups 4 weeks after modeling; (E) Comparison of a-wave results in Max-ERG among groups after 8 weeks of treatment; (F) Comparison of b-wave results in Max-ERG among groups after 8 weeks of treatment. Max-ERG: Maximal mixed response in dark adaptation; NC: Normal control; LIM: Lens-induced myopia; DHA: Docosahexaenoic acid; BE: Bilberry extract. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 6
 Guinea pig dark-adapted and light-adapted OPS measurement results. (A) Dark-adapted OPS measurement results among groups before modeling; (B) Dark-adapted OPS measurement results among groups 4 weeks after modeling; (C) Dark-adapted OPS measurement results among groups after 8 weeks of treatment; (D) Light-adapted OPS measurement results among groups before modeling; (E) Light-adapted OPS measurement results among groups 4 weeks after modeling; (F) Light-adapted OPS measurement results among groups after 8 weeks of treatment. OPS: oscillatory potentials in both dark and light adaptation; NC: Normal control; LIM: Lens-induced myopia; DHA: Docosahexaenoic acid; BE: Bilberry extract. ns p > 0.05.


The results of Cone-ERG indicated that under light-adapted conditions with LA 10 cd*s/m2 stimulation, there were no significant differences in a-waves and b-waves between the groups before modeling (Figures 7A,B). Four weeks after modeling, compared to the NC group (a-wave 8.55 ± 1.40 μV; b-wave 13.21 ± 4.22 μV), the Cone-ERG a-waves and b-waves of the right eye decreased in the LIM (a-wave 5.35 ± 0.94 μV; b-wave 9.80 ± 3.05 μV), LIM + DHA + BE (a-wave 5.39 ± 0.91 μV; b-wave 9.62 ± 2.94 μV), LIM + DHA (a-wave 5.40 ± 0.97 μV; b-wave 9.44 ± 3.00 μV), and LIM + BE (a-wave 5.44 ± 0.91 μV; b-wave 10.02 ± 2.98 μV) groups (Figures 7C,D, a-wave, p < 0.05; b-wave, p < 0.05). After 8 weeks of treatment, compared to the LIM group (a-wave 5.34 ± 0.94 μV; b-wave 9.84 ± 3.20 μV), the Cone-ERG a-waves and b-waves of the right eye increased in the LIM + DHA + BE (a-wave 8.59 ± 1.05 μV; b-wave 11.60 ± 3.92 μV), LIM + DHA (a-wave 7.04 ± 1.00 μV; b-wave 11.12 ± 3.80 μV), and LIM + BE (a-wave 7.03 ± 1.10 μV; b-wave 10.92 ± 3.09 μV) groups (Figures 7E,F, a-wave, p < 0.05; b-wave, p < 0.05). Additionally, OPS measurements showed no significant differences in light-adapted OPS waves before modeling, 4 weeks after modeling, and 8 weeks after treatment (Figures 6D–F). Max-ERG, OPS and Cone-ERG assays in the left eyes of guinea pigs in all groups were not significantly different at 4 weeks after modeling and 8 weeks after treatment (Supplementary Figures S3A–F, S4A–D).
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FIGURE 7
 Comparison of a-wave and b-wave results in Cone-ERG. (A) Comparison of a-wave results in Cone-ERG among groups before modeling; (B) Comparison of b-wave results in Cone-ERG among groups before modeling; (C) Comparison of a-wave results in Cone-ERG among groups 4 weeks after modeling; (D) Comparison of b-wave results in Cone-ERG among groups 4 weeks after modeling; (E) Comparison of a-wave results in Cone-ERG among groups after 8 weeks of treatment; (F) Comparison of b-wave results in Cone-ERG among groups after 8 weeks of treatment. Cone-ERG: Cone cell response in light adaptation; NC: Normal control; LIM: Lens-induced myopia; DHA: Docosahexaenoic acid; BE: Bilberry extract. ns p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.





4 Discussion

Myopia is the most common ocular disorder worldwide, particularly in Asia, where it represents a major cause of visual impairment. Consequently, recent studies have increasingly focused on decelerating the progression of myopia and mitigating its impact on children. Previous studies have highlighted the health benefits of DHA, such as its antioxidant and neuroprotective effects (30, 31). Recent human studies have found that DHA can delay the progression of myopia through its effects on blood vessels and blood flow (32, 33). In addition, decreased scleral DHA levels were observed in myopic guinea pigs (21). Additionally, it has been shown (34) that children must consume 20 mg/kg/day of DHA to maintain health; thus, the DHA intake of most children is insufficient, which can exacerbate the progression of myopia. Thus, DHA supplementation is a potential strategy to control the development of myopia among children. BE exhibited antioxidant and anti-inflammatory effects in several animal studies (21, 35). Moreover, recent studies have also discovered that BE can reduce blood pressure (36) and protect the eye by repairing the corneal epithelium and alleviating eye fatigue (26, 37, 38). Myopia reduces choroidal blood flow, but BE can improve both retinal and choroidal blood flow (39, 40), therefore, it can be an effective method for the prevention and control of myopia. DHA algal oil and BE are compatible and can be combined to improve their potency.

In this study, we administered 100 mg/kg/day of DHA and 16.5 mg/kg/day of BE to the LIM + DHA + BE group and found that the oral mixture of DHA and BE significantly inhibited the development of LIM in guinea pigs. After 8 weeks of treatment, compared to the LIM group, the LIM + DHA + BE group showed a greater reduction in myopic refractive error and shortening of the axial length. Recently, the clinical significance of ChT has gained increasing attention. The choroid, located between the retina and the sclera, is composed of blood vessels and stromal tissues. ChT can directly reflect the changes associated with myopia (41, 42). Additionally, the CVI is considered a more reliable index for assessing the vascular structure of the choroid (43). Recent studies have used CVI to evaluate the effect of myopia on choroidal blood flow in guinea pigs (44–48). This study employed ChT in conjunction with CVI to assess the effects of the DHA and BE combination on the choroid of myopic guinea pigs. After 8 weeks of treatment, compared to the LIM group, the ChT increased in the LIM + DHA + BE and LIM + DHA groups. The increase was particularly significant in the LIM + DHA + BE group. Similarly, there was a significant increase in the CVI of the LIM + DHA + BE group, while the CVI of the LIM + DHA and LIM + BE groups showed no significant changes.

Previous studies have indicated that scleral hypoxia of myopic eyes induces the differentiation of muscle fiber bundles, thereby reducing scleral collagen content and causing scleral thickening, which in turn leads to the development of myopia (49). In guinea pigs, increased choroidal blood flow and reduced scleral hypoxia effectively decelerated the progression of myopia (50). Our findings also demonstrated that the combination of DHA and BE can enhance ChT and ChBp. Compared to guinea pigs with thinner choroids, those with thicker choroids were at lower risk of myopia. A thicker choroid with greater blood flow provides stronger oxygenation to the adjacent sclera, reducing the likelihood of hypoxia and slowing the progression of myopia (51). Previous studies have indicated that patients with high myopia show decreased density of retinal cone cells, rod cells, and bipolar cells in the posterior pole in ERG, reflecting the reduced amplitudes of a-waves and b-waves. The a-wave represents the function of cone cells under light-adapted conditions and rod cells under dark-adapted conditions, while the b-wave represents the function of bipolar cells connected to cone cells. OPS waves represent the function of non-spiking cells. No significant changes were observed in the morphology, distribution, or number of other neural cells (51). Compared to human retinas, guinea pigs have a well-developed retina with a similar distribution of retinal structural cells. Cone-ERG and Max-ERG demonstrated that myopic eyes exhibit functional impairment in cone cells and rod cells, respectively. Due to the continuous stretching caused by the elongation of the myopic eyeball, retinal degenerative changes are at a greater risk of tensile forces, resulting in a significant decrease in the density of cone and rod cells. This effect is reflected in the results of Max-ERG and Cone-ERG. Consistently, 4 weeks after modeling, the a-waves and b-waves in the right eyes of guinea pigs were decreased in the LIM, LIM + DHA, LIM + BE, and LIM + DHA + BE groups compared to the NC group. After 8 weeks of treatment, ERG assessments, including Max-ERG and Cone-ERG tests, showed that the a-waves and b-waves improved in the right eyes of the LIM + DHA + BE, LIM + DHA, and LIM + BE groups compared to the LIM group. Notably, the recovery was greater in the LIM + DHA + BE group than in the LIM + DHA and LIM + BE groups. ERG demonstrated significant recovery in the function of cone cells, rod cells, and bipolar cells. DHA and BE restored the cellular morphology and density of cone and rod cells, thereby enhancing a-waves and b-waves. The lack of statistically significant changes in OPS waves before and after modeling indicates that myopia had a minimal impact on the function of non-spiking cells in guinea pigs; thus, no significant differences were observed before and after treatment.



5 Conclusion

This study demonstrated that the combination of DHA and BE can inhibit the progression of myopia and prevent the elongation of the ocular axis in a defocus-induced high myopia guinea pig model. The treatment effectively decelerated the decrease in ChT and ChBP, enhanced the CVI, and increased the activity of cone cells, rod cells, and bipolar cells, subsequently improving the a-waves and b-waves in Max-ERG and Cone-ERG. In summary, the combination of DHA and BE inhibited the progression of myopia in guinea pigs. DHA and BE also restored myopia-induced changes in choroidal structure and vascular system. The significant inhibition of myopia progression in the guinea pig model suggests that DHA and BE supplementation may protect against myopia in humans.
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