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A B S T R A C T   

Aims: Retinal ischemia/reperfusion (I/R) injury is implicated in the etiology of various ocular 
disorders. Prior research has demonstrated that bone marrow tyrosine kinase on chromosome X 
(BMX) contributes to the advancement of ischemic disease and inflammatory reactions. Conse-
quently, the current investigation aims to evaluate BMX’s impact on retinal I/R injury and clarify 
its implied mechanism of action. 
Main methods: This study utilized male and female systemic BMX knockout (BMX− /− ) mice to 
conduct experiments. The utilization of Western blot assay and immunofluorescence labeling 
techniques was employed to investigate variations in the expression of protein and tissue local-
ization. Histomorphological changes were observed through H&E staining and SD-OCT exami-
nation. Visual function changes were assessed through electrophysiological experiments. 
Furthermore, apoptosis in the retina was identified using the TUNEL assay, as well as the ELISA 
technique, which has been utilized to determine the inflammatory factors level. 
Key findings: Our investigation results revealed that the knockdown of BMX did not yield a sig-
nificant effect on mouse retina. In mice, BMX knockdown mitigated the negative impact of I/R 
injury on retinal tissue structure and visual function. BMX knockdown effectively reduced 
apoptosis, suppressed inflammatory responses, and decreased inflammatory factors subsequent to 
I/R injury. The outcomes of the current investigation revealed that BMX knockdown partially 
protected the retina through downregulating phosphorylation of AKT/ERK/STAT3 pathway. 

* Corresponding authors. 
** Corresponding author. 
*** Corresponding author. 

E-mail addresses: qshu12@fudan.edu.cn (Q. Shu), weiyantao75@126.com (Y. Wei), oph_fan@163.com (F. Xu).   
1 Contributed equally to the work. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e27114 
Received 12 December 2023; Received in revised form 13 February 2024; Accepted 23 February 2024   

mailto:qshu12@fudan.edu.cn
mailto:weiyantao75@126.com
mailto:oph_fan@163.com
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e27114
https://doi.org/10.1016/j.heliyon.2024.e27114
https://doi.org/10.1016/j.heliyon.2024.e27114
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e27114

2

Significance: Our investigation showed that BMX− /− reduces AKT, ERK, and STAT3 phosphory-
lation, reducing apoptosis and inflammation. Thus, this strategy protected the retina from 
structural and functional damage after I/R injury.   

1. Introduction 

Ischemia/reperfusion (I/R) involves restricting organ blood supply and then performing restoration of perfusion and reoxygena-
tion. This phenomenon was documented across different tissues and organs throughout the body, including the liver, heart, kidneys, 
lungs, brain, and retina [1–4]. The retina, which is a crucial location for vision formation and it is the site of lesions that cause blinding 
eye disorders, has significant metabolic activity [5]. Several ischemic retinal disorders, such as ophthalmic artery occlusion, acute 
glaucoma, prematurity retinopathy, retinal vascular occlusion, and diabetic retinopathy, are caused by I/R injury of the retina. The 
aforementioned disorders have the potential to induce both structural and functional retinal deterioration, slow visual recovery, and 
lead to blindness. 

Bone marrow tyrosine kinase on chromosome X (BMX) is a member of the Tec family of non-receptor tyrosine kinases, possessing 
Src homology (SH) 3 and SH2 structural domains, as well as carboxy-terminal kinase structural domains, which play critical roles in 
several biological processes, including cytokine signalling and inflammation [6–8]. Previous studies have shown that BMX is able to 
participate in the inflammatory response cascade by regulating Toll-like receptor-induced interleukin (IL)-6 production, while also 
interacting with Fas to induce IL-6 and tumor necrosis factor-alpha (TNF-α) production [9–11]. These observations suggest that BMX 
has the ability to trigger the release of downstream inflammatory factors. In addition, previous studies have demonstrated the acti-
vation of BMX in neuronal injury caused by H2O2 or ischemia, and it has been experimentally demonstrated that inhibiting BMX 
activity effectively mitigates neurodegeneration [12]. These findings strongly implicate BMX in the pathogenesis of ischemia diseases. 
Considering that inflammation and ischemia are important mechanisms in the progression of retinal I/R injury, we postulated that 
BMX may be critically involved in retinal I/R injury and may serve as a potential target for intervention. 

Hence, the current investigation aimed to construct a retinal I/R model in animals to mimic the pathological progression of retinal 
ischemia-reperfusion. Subsequently, a sequence of investigations has been conducted to investigate the possible mitigating charac-
teristics of BMX knockdown on retinal I/R injury and elucidate its implying mechanism. 

2. Materials and methods 

2.1. Animals and animal experiments 

The current investigation used male and female BMX knockout (BMX− /− ) mice aged 6–8 weeks from Cyagen Biotechnology Co., 
Ltd., and C57BL/6 wild-type (WT) mice from Animal Experiment Center of Guangxi Medical University. The laboratory animals were 
housed in controlled conditions that were free from pathogens utilizing a barrier system, wherein a 12-h light and dark cycle was 
maintained. Additionally, the animals were fed with a standardized laboratory food source. The protocols implemented in the current 
investigation were in accordance with the standards specified in the ARVO Statement on the Use of Animals in Ophthalmic and Vision 
Research and the ARRIVE guidelines. 

For the animal investigations within the current investigation, WT mice and BMX− /− mice were subjected to random allocation into 
four distinct groups: (1) WT mice undergoing sham surgery (WT + sham) group, (2) WT mice undergoing I/R injury (WT + I/R) group, 
(3) BMX− /− mice undergoing sham surgery (BMX− /− + sham) group, and (4) BMX− /− mice undergoing I/R injury (BMX− /− + I/R) 
group. 

2.2. I/R model 

Retinal I/R injury has been stimulated following established protocols outlined in the previous study [13]. In summary, anesthesia 
was initially administered through intraperitoneal injection of a 1% pentobarbital solution, local anesthesia of the cornea was achieved 
using 0.5% bupivacaine hydrochloride, and the dilation of the pupil was accomplished using 0.5% tropicamide-phenylephrine eye 
drops. The anterior chamber of mouse underwent perfusion using a 32-gauge sterile needle attached to a suspended saline bag 
positioned 1.5 m above, ensuring a constant pressure of 110 mmHg for a duration of 1 h. During the perfusion, the observation of the 
disappearance of the retinal red reflex indicated the presence of retinal ischemia. Following the cessation of perfusion, the observation 
of restoration of the retinal red reflex indicated retinal reperfusion. Additionally, a sham surgery group was included, where the same 
surgical investigation was performed on the contralateral eye of mouse without elevating the saline bag. 

2.3. Hematoxylin and eosin (H&E) staining 

After meticulously enucleating and fixing the eyes, they were immersed in paraffin and sectioned. H&E staining was employed for 
the paraffin sections, and the resulting images were captured using a Pannoramic MIDI scanner (3DHISTECH, Budapest, Hungary). To 
comprehensively analyze alterations in retinal histomorphometry, a sequence of images was acquired from multiple regions of the 
retina, specifically the central, middle, and peripheral areas, which were around 700, 2100, and 3500 μm away from the optic disc, 
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consecutively [14]. The thickness of retinal structures in these specific regions was subsequently quantified utilizing ImageJ package 
supplied by the (NIH) in Bethesda, Maryland. The measured retinal structures encompassed the inner plexiform layer (IPL), ganglion 
cell layer (GCL), nerve fiber layer (NFL), inner nuclear layer (INL), outer plexiform layer (OPL), and outer nuclear layer (ONL). 

2.4. Immunofluorescence 

The retinal flat mount procedure commenced with the isolation of intact retinal tissue following the dissection of mice, which was 
subsequently treated with 4% paraformaldehyde (PFA) for a duration of 55 min. Subsequently, the tissue was permeabilized, blocked, 
and subjected to incubation overnight via primary antibodies (Supplementary Table 1) at 4 ◦C. On a subsequent day, the retinas 
underwent rinsing and incubation using the corresponding secondary antibodies for a duration of 2 h at normal temperature. The final 
step involved flattening the retina onto a microscope slide. To prepare retinal cryosections, intact mouse eyes were initially isolated 
and treated with 4% PFA overnight. Afterward, the eyes underwent a gradual dehydration process through immersion in sucrose 
solution. Finally, the eyes were immersed within the OCT compound and sliced at 10 μm. The resulting sections were then per-
meabilized, blocked, and subjected to overnight incubation with primary antibodies (Supplementary Table 1) at 4 ◦C. Afterward, the 
slices underwent incubation for 2 h using the corresponding secondary antibody on the following day. 

Fluorescence images of the stained retinal flat mounts and retinal cryosections were obtained utilizing a Carl Zeiss laser scanning 
confocal microscope. The quantification of fluorescence signal in the images was conducted employing ImageJ package, constructed 
by (NIH) in Bethesda, Maryland. 

2.5. TUNEL staining 

The TUNEL staining kit (In Situ Cell Death Detection with Fluorescein; Roche) was employed for the detection of apoptosis in the 
retina-frozen sections. Before staining, the slices were fixed, permeabilized, and closed. Afterward, the slices underwent incubation 
using the TUNEL reagent mixture for 1 h at 37 ◦C, in accordance with the instructions for use. The retinal neurons were subsequently 
identified using β3-Tubulin markers and incubated with the corresponding secondary antibodies, while the nuclei underwent labeling 
via DAPI. Finally, photographs were obtained utilizing a laser scanning confocal microscope (Carl Zeiss). 

2.6. High-resolution spectral domain optical coherence tomography (SD-OCT) 

SD-OCT is commonly recognized as a non-invasive, in vivo method for examining retinal components [15]. In this study, the 
SPECTRALIS-OCT (Heidelberg, Germany) and a mouse objective lens were employed to explore the hierarchical organization of the 
mouse retina. Anesthesia and topical phenylephrine eye drops dilated the mice’s pupils before imaging. Subsequently, the mice were 
positioned appropriately, and OCT scans were obtained in automatic real-time mode, with each scan possessing a quality index 
exceeding 28. Image J was employed to measure and evaluate the retinal nerve fiber layer (RNFL), ganglion cell complex (GCC), and 
the remaining structural thicknesses. 

2.7. Electroretinography (ERG) 

For evaluating the functioning of retinal neurons in mice at specific time intervals, ERG was obtained as per established protocols. 
The mice were initially anesthetized and positioned on a self-heating platform. Pupil dilation was achieved using topiramate- 
phenylephrine drops, while sodium carboxymethylcellulose drops were applied to lubricate the cornea. ERG measurements were 
obtained using a gold-plated wire ring electrode in direct contact with the corneal surface, serving as the active electrode. In prep-
aration for scotopic ERG testing, mice were subjected to a minimum of 12 h of dark adaptation. The response amplitudes were sub-
sequently quantified at three progressively elevating amounts of 0.01, 3.0, and 10.0 cd s m− 2. The photopic negative response (PhNR) 
has been elicited by a flash stimulus with an amount of 3.0 cd s m− 2, generated by a white light system, and the response amplitude was 
recorded using the Celeris Diagnosys system. 

2.8. ELISA 

The concentrations of inflammatory cytokines in the supernatants of retinal homogenates were assessed by employing ELISA kits 
(eBioscience, San Diego, CA, USA). The manufacturer’s guidelines were strictly followed to execute the specific experimental pro-
cedures. Initially, the ELISA 96-well plate was coated with a capture antibody and subsequently sealed with a BSA-blocking solution. 
The plate was then washed thrice with PBS, following which 100 μL of diluted retinal supernatant samples or standards were intro-
duced into the ELISA well plate. Subsequently, a membrane was placed over the plate and underwent incubation for 90 min at 37 ◦C. 
Subsequently, the liquid was disposed of and subjected to dehydration. Following this, 100 μL of a detection working solution has been 
supplemented to each well. The plate was then lined and underwent incubation at a temperature of 37 ◦C for 1 h. A volume of 100 μL of 
HRP conjugate working solution was introduced to every well after three PBS washes. The plate was then lined and subjected to 
incubation at a temperature of 37 ◦C for 30 min. Dispose of the liquid within the wells and wash the plate five times. Subsequently, 90 
μL of substrate solution was introduced into every well, and the plate was subjected to incubation with the membrane at 37 ◦C for 15 
min away from light. Following this, a 50 μL volume of termination solution was supplemented to every well to halt the reaction, 
resulting in a transformation of the blue color to yellow. Promptly following the investigation, the enzyme-linked equipment was 
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utilized to determine every well’s optical density at 450 nm. 

2.9. Western blot 

Total proteins were extracted from the retinas of each group of mice using RIPA protein lysis solution. The resulting protein samples 
underwent SDS-PAGE protein separation, membrane transfer, and sealing. The PVDF membrane was then subjected to primary 
antibody immersion (dilution concentration: 1:1000, Supplementary Table 1), gentle shaking on a shaking table, and overnight in-
cubation at 4 ◦C. Following this, the PVDF membrane was subjected to three 5-min washes with TBST. For secondary antibody in-
cubation, the PVDF membrane was immersed in the secondary antibody (dilution: 1:5000), gently shaken on a shaking table, and 
incubated at normal temperature. ChemiDoc touch imaging system (Bio-Rad, Richmond, CA, USA) was utilized for protein identifi-
cation, followed by Image Lab version 6.0 package (Bio-Rad) for quantification of protein intensity. 

2.10. Statistical analysis 

The investigations were performed three times, with independent repetitions, and the resulting information was quantified and 

Fig. 1. BMX expression level has been elevated within the retinal I/R model, and BMX− /− prevented RGCs loss after I/R injury. (A) The overall 
flowchart of the experimental plan by Figdraw. (B–C) Western blot and densitometry analyses of BMX expression in WT + sham group, WT + I/R 
group, BMX− /− + sham group, and BMX− /− + I/R group, respectively, with GAPDH utilized as a loading control. n = 3. (D) Representative 
immunofluorescence images of BMX (green) and DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R 
group, respectively. Scale bars = 20 μm. (E) Measurement of the BMX fluorescence intensity. n = 6. (F) Representative immunofluorescence images 
of RBPMS (red), β3-Tubulin (green), and DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, 
respectively. Scale bars = 50 μm. (G) Measurement of RBPMS- and β3-Tubulin-positive retinal ganglion cells. n = 6. Data are presented as mean ±
SEM, and statistical significance has been identified employing One-way ANOVA subsequent by Tukey’s Honest Significant Difference test. BMX, 
Bone marrow tyrosine kinase on chromosome X; I/R, ischemia/reperfusion; WT, wild type; ns, nonsignificant; In this context, the symbols *, **, ***, 
and **** correspond to P-values that are below the thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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statistically analyzed by two researchers who were blinded to the study. The data have been expressed as mean ± standard deviation 
(SD), and group comparative analysis was conducted utilizing one-way ANOVA or Tukey’s honest significant variation test. Statistical 
analysis and data presentation were carried out utilizing GraphPad Prism (version 9.5.0, GraphPad Software, CA, USA), and statistical 
significance was considered P values less than 0.05. 

3. Result 

3.1. Increased BMX expression in the I/R model Retina 

In order to examine potential alterations in BMX expression levels in the I/R model, we compared the protein levels of BMX in mice 
retinas from the WT + I/R group and the WT + sham group. The retinas of I/R mice reveal a significant upregulation for BMX protein 

Fig. 2. BMX− /− ameliorated damage to retinal structures after I/R injury. (A) Representative H&E staining images of the central, middle, and 
peripheral retina in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, respectively. Scale bars = 20 μm. (B–G) 
Measurement of the total retina thickness, NFL/GCL, IPL, INL, OPL, and ONL of the retina. n = 6. (H) Representative SD-OCT images of the retina in 
WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, respectively. Scale bars = 200 μm. (I–K) Measurement of the 
total retina thickness, RNFL, and GCC of the retina. n = 6. Data are expressed as mean ± SEM and statistical significance has been identified utilizing 
One-way ANOVA subsequent by Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on chromosome X; I/R, ischemia/ 
reperfusion; WT, wild type; H&E, hematoxylin, and eosin; NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner 
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; SD-OCT, spectral domain optical coherence tomography; RNFL, retinal nerve 
fiber layer; GCC, ganglion cell complex, involving RNFL, GCL, and IPL; ns, nonsignificant; In this context, the symbols *, **, ***, and **** 
correspond to P-values that are below the thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. 
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levels, according to Western blot analysis (Fig. 1B and C). Furthermore, the immunofluorescence staining analysis revealed significant 
overexpression of BMX expression within the I/R group retinas, with a predominant concentration in the inner retina (Fig. 1D and E). 
Throughout the current investigation, we propose the hypothesis that retinal I/R injury in mice is linked to an increased presence of 
BMX. 

To further substantiate the involvement of BMX within retinal I/R injury, we used BMX− /− mice for subsequent experimental 
investigations. The successful knockout of BMX was verified by Western blot analysis (Fig. 1B and C) and immunofluorescence staining 
of retinal sections (Fig. 1D and E). 

3.2. BMX− /− prevented RGCs loss following I/R injury 

RGCs, a crucial retinal constituent, exhibit converging axons that form the optic nerve and perform a crucial function within the 
transmission of visual information. In order to evaluate the extent of damage and survival of RGCs subsequent to I/R injury, we 
conducted immunofluorescence analysis utilizing RBPMS and β3-Tubulin, which serve as specific markers for RGCs across the entire 
retina. Our findings indicated a noteworthy reduction in the quantity of retinal RBPMS- and β3-Tubulin-positive cells in WT mice seven 
days’ duration following I/R injury, contrasted with BMX− /− mice, where the number of retinal RBPMS- and β3-Tubulin-positive cells 
was observed to be higher (Fig. 1F and G). These findings imply that BMX− /− provides partial relief from the damage of retinal RGCs 
stimulated via I/R and that BMX contributes to the demise of retinal RGCs following I/R to a certain degree. 

Fig. 3. BMX¡/¡ alleviates the retinal neuronal damage following I/R injury. (A, D, G) Representative immunofluorescence images of PKC-α 
(green), calretinin (red), calbindin (green), and DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R 
group, respectively. Scale bars = 20 μm. (B–C) Quantification of PKC-α-positive rod bipolar cells in the INL and axonal length of PKC-α-positive rod 
bipolar cells. n = 6. (E–F) Measurement of calretinin-positive amacrine cells within the GCL and INL. n = 6. (H) Measurement of calbindin-positive 
horizontal cells within the INL. n = 6. Data are subsequent as mean ± SEM and statistical significance has been identified utilizing One-way ANOVA 
subsequent by Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on chromosome X; I/R, ischemia/reperfusion; WT, 
wild type; GCL, ganglion cell layer; INL, inner nuclear layer; ns, nonsignificant; In this context, the symbols *, **, ***, and **** correspond to P- 
values that are below the thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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3.3. BMX− /− ameliorated damage to retinal structures after I/R injury 

For a complete assessment of the alterations in retinal structure subsequent to retinal I/R injury, we conducted an analysis of the 
histomorphological changes in retinal tissue utilizing H&E staining, specifically focusing on a 7-day period following I/R injury. 
Within the context of WT mice, the inner retina’s thickness, encompassing NFL/GCL, IPL, INL, OPL, and ONL, exhibited significant 
thinning following I/R injury contrasted with the WT + sham group (Fig. 2A–G). However, BMX− /− mice displayed a partial rescue of 
retinal tissue loss following I/R injury (Fig. 2A–G). Furthermore, we conducted an assessment of the retinal structural alterations in 
mice through the utilization of SD-OCT at the in vivo level. The examination using SD-OCT unveiled a significant reduction in RNFL, 
GCC, and total retinal thickness within WT mice on the seventh day subsequent to I/R injury (Fig. 2H–K). In contrast, BMX− /− mice 
exhibited the ability to salvage a portion of the retinal tissue subsequent to I/R injury (Fig. 2H–K). In light of the aforementioned 
experimental findings, we propose that BMX knockdown possesses the potential to alleviate the retina’s structural impairment 

Fig. 4. BMX− /− alleviated visual impairment after I/R injury. (A–E) Representative waveforms of the scotopic ERG, PhNR, and OPs in WT + sham 
group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, respectively. (F–L) Quantification of the capacities of b-wave, a-wave, 
PhNR, and OPs. n = 6. Data are presented as mean ± SEM, and statistical significance has been identified utilizing One-way ANOVA subsequent by 
Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on chromosome X; I/R, ischemia/reperfusion; WT, wild type; ERG, 
electroretinography; PhNR, photopic negative response; ns, nonsignificant; In this context, the symbols *, **, ***, and **** correspond to P-values 
that are below the thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. 
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following I/R injury. 

3.4. BMX− /− alleviated retinal neuronal injury subsequent to I/R injury 

In order to assess the extent of neuronal impairment within the inner retinal layers, we conducted an analysis on bipolar cells 
(specifically marked with PKC-α), amacrine cells (specifically marked with calretinin), and horizontal cells (specifically marked with 
calbindin) through the application of immunofluorescence staining. Despite no significant variation within the quantity of PKC- 
α-positive cells across the groups, our investigation revealed notable distinctions through the assessment of bipolar cell axonal length. 
Specifically, a statistically significant decrease has been detected within bipolar cell axonal length in WT mice at day 7 following I/R 
injury, in contrast to BMX− /− mice, which exhibited a capacity to mitigate the extent of shortened bipolar cell axons subsequent to I/R 
injury (Fig. 3A–C). Additionally, WT mice demonstrated a noteworthy decrease in the quantity of calretinin-positive cells in the GCL 
and INL layers of the retina after seven days of I/R injury, in contrast to BMX− /− mice, which exhibited partial restoration of calretinin- 
positive cells within the INL while no significant impact within the GCL (Fig. 3D–F). The quantity of calbindin-positive cells experi-
enced a notable and comparable decline subsequent to I/R injury; however, BMX− /− mice failed to exhibit a reversal of this alteration 
(Fig. 3G and H). The above results suggest that BMX knockdown can effectively protect neurons within the inner retina following I/R 
injury, especially the bipolar cell’s axon lengths and amacrine cells across the INL layer. 

3.5. BMX− /− alleviated visual impairment following I/R injury 

To assess the visual function of retinal neurons, we performed an analysis of the visual function in each group prior to and 

Fig. 5. BMX− /− reduced RGCs apoptosis after I/R injury. (A) Representative immunofluorescence images of TUNEL (red), β3-Tubulin (green), and 
DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, respectively. Scale bars = 20 μm. (B–C) 
Measurement of TUNEL-positive cells in the GCL and INL. n = 6. Data are presented as mean ± SEM, and statistical significance has been identified 
utilizing One-way ANOVA subsequent by Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on chromosome X; I/R, 
ischemia/reperfusion; WT, wild type; ns, nonsignificant; In this context, the symbols *, **, ***, and **** correspond to P-values that are below the 
thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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subsequent I/R injury using ERG examination. Specifically, we examined the scotopic a-wave, b-wave, PhNR, and OPs, which serve as 
indicators of the functionality of RGCs, photoreceptors, bipolar cells, and amacrine cells, respectively. Our findings indicated that the 
extents of a-wave (Fig. 4B–C, G, and I), b-wave (Fig. 4A–C, F, H, and J), PhNR (Fig. 4D and K), and OPs (Fig. 4E and L) were 
significantly reduced in the WT + I/R group. Nevertheless, the BMX− /− + I/R group showed a partial elevation in the extents of a-wave 
(Fig. 4B–C, G, and I), b-wave (Fig. 4A–C, F, H, and J), PhNR (Fig. 4D and K) and OPs (Fig. 4E and L) following I/R injury contrasted to 
the WT + I/R group. These results provided evidence that BMX− /− can effectively alleviate visual function impairment in mice 
following I/R injury. 

3.6. BMX− /− rescued RGCs apoptosis after I/R injury 

Apoptosis performs a critical function across the initiation of retinal impairment subsequent to I/R. To investigate the impact of 
BMX knockdown on apoptosis occurrence, we conducted TUNEL staining. Our findings revealed a notable rise within the quantity of 
TUNEL-positive cells across the GCL and INL layer of retina in WT + I/R group. Conversely, BMX− /− + I/R group mice exhibited a 
statistically significant decrease in the quantity of TUNEL-positive cells within the GCL layers, whereas no significant difference has 
been detected within the INL layer (Fig. 5A–C). To acquire a more profound understanding of the localization of TUNEL-positive cells 
within the retina, we additionally observed the co-localization of TUNEL and the RGCs-specific marker β3-tubulin through immu-
nofluorescence staining. These findings indicated that BMX− /− considerably decreased the number of apoptotic cells within the retina 
GCL layers in mice following I/R and specifically inhibited RGCs apoptosis. 

3.7. BMX− /− inhibited the inflammatory response subsequent to I/R injury 

The precise function of inflammatory responses within the progression of I/R is well-established, and retinal I/R injury induces glial 

Fig. 6. BMX− /− inhibited macrophage and astrocyte activation subsequent to I/R injury and reduced the inflammatory response surrounding retinal 
vessels. (A) Representative immunofluorescence images of Iba1 (green), CD68 (red), and DAPI (blue) in WT + sham group, WT + I/R group, BMX− / 

−
+ sham group, and BMX− /−

+ I/R group, respectively. Scale bars = 20 μm. (B) Measurement of iba1-and CD68-positive activated microglia. n = 6. 
(C) Representative immunofluorescence images of GFAP (red) and DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and 
BMX− /− + I/R group, respectively. Scale bars = 20 μm. (D) Measurement of GFAP-positive area. n = 6. (E) Representative immunofluorescence 
images of IB4 (green), CD45 (red), and DAPI (blue) in WT + sham group, WT + I/R group, BMX− /− + sham group, and BMX− /− + I/R group, 
respectively. Scale bars = 50 μm. (F) Measurement of CD45-positive leukocyte cells. n = 6. (G–J) Levels of the inflammatory factors TNF-α, IL-8, IL-1 
β, and IL-6 were determined by ELISA. n = 4. Data are presented as mean ± SEM, and statistical significance has been identified utilizing One-way 
ANOVA subsequent by Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on chromosome X; I/R, ischemia/reperfusion; 
WT, wild type; ns, nonsignificant; In this context, the symbols *, **, ***, and **** correspond to P-values that are below the thresholds of 0.05, 0.01, 
0.001, and 0.0001, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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cell stimulation and heightened perivascular inflammation. For evaluating the impact of BMX− /− on the inflammatory response 
subsequent to retinal I/R injury, we conducted immunofluorescence staining for Iba1/CD68, GFAP, and CD45, which represent 
macrophages, astrocytes/Müller cells, and leukocytes, respectively. Moreover, the data presented in our study revealed a notable 
elevation in the presence of Iba1/CD68 (Fig. 6A and B), GFAP (Fig. 6C and D), and CD45-positive cells (Fig. 6E and F) within the WT +
I/R group, contrasted with a significant decrease in these cell types within BMX− /− + I/R group mice (Fig. 6A–F). Furthermore, the 
inflammatory factors levels within the retina were assessed using ELISA, revealing a statistically significant elevation within the 
contexts of IL-8, IL-1β, IL-6, and TNF-α expression levels within the WT + I/R group following I/R injury. However, the observed 
elevation was effectively mitigated by BMX− /− (Fig. 6G–J). These findings indicated that BMX− /− effectively inhibited the induction of 
macrophages and astrocytes/Müller cells, resulting in a reduction in the inflammatory infiltrate surrounding retinal vessels and a 
decrease in the release of inflammatory factors. 

3.8. BMX− /− attenuated I/R injury of the Retina through suppressing the AKT/ERK/STAT3 signalling pathway 

In order to investigate the mechanism whereby BMX− /− affects retinal I/R injury, we conducted an examination of the downstream 
factors regulated by BMX. The findings revealed that the WT + I/R group exhibited a notable increase within p-AKT, p-ERK, and p- 
STAT3 proteins expression levels following I/R injury, whereas BMX knockdown significantly decreased their expression (Fig. 7A–G). 
Additionally, it was observed that BMX knockdown did not have a significant impact on the levels of AKT, ERK, and STAT3 proteins 
(Fig. 7A–G). These outcomes suggested that BMX− /− mitigates I/R injury of the retina by suppressing the phosphorylation of AKT/ 
ERK/STAT3 pathway. 

4. Discussion 

The loss of RGCs and irreversible impairment of retinal composition and activity are resulted from retinal I/R injury, ultimately 
leading to blindness. Consequently, the identification of effective neuroprotective targets and drugs continues to be a crucial and 
formidable task within the management of retinal I/R injury. The findings of our research demonstrate that the knockout of BMX 
exhibits protective characteristics contra retinal I/R injury. This is proved through the observation that BMX− /− effectively mitigated 
the detrimental influence of I/R injury on retinal tissue structure and visual function in mice. Moreover, BMX− /− demonstrated efficacy 
in reducing apoptosis and suppressing inflammatory responses. Furthermore, our results indicate that the attenuation of retinal I/R 
damage by BMX− /− is partially mediated through the inhibition of phosphorylation within the AKT/ERK/STAT3 signaling pathway. 
Meanwhile, in light of the fact that the absence of BMX does not exert any influence on the typical structure and functionality of the 
retina, it is plausible to consider inhibiting BMX as a prospective therapeutic approach for addressing retinal I/R injury. By doing so, it 

Fig. 7. Knockout of BMX attenuated retinal I/R damage by inhibiting the AKT/ERK/STAT3 signaling pathway. (A–G) Western blot and densi-
tometry analyses of p-AKT, AKT, p-ERK, ERK, p-STAT3, and STAT3 expression in WT + sham group, WT + I/R group, BMX− /− + sham group, and 
BMX− /− + I/R group, respectively, with GAPDH utilized as a loading control. n = 3. Data are presented as mean ± SEM, and statistical significance 
has been identified utilizing One-way ANOVA subsequent by Tukey’s Honest Significant Difference test. BMX, Bone marrow tyrosine kinase on 
chromosome X; I/R, ischemia/reperfusion; WT, wild type; ns, nonsignificant; In this context, the symbols *, **, ***, and **** correspond to P-values 
that are below the thresholds of 0.05, 0.01, 0.001, and 0.0001, respectively. 
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may be possible to mitigate the decline in RGCs following retinal I/R injury, consequently resulting in an enhancement in visual 
activity. 

BMX is a family member of a non-receptor tyrosine kinase Tec family and performs a pivotal function within numerous cellular 
pathways encompassing cell progression, survival, differentiation, growth signaling, cytokine signaling, and inflammation [10, 
16–20]. The findings of the current investigation revealed a significant upregulation within BMX protein expression across the retinal 
tissue of WT mice following I/R injury. This observation was according to the immunofluorescence staining findings, which also 
demonstrated a similar trend. Notably, these results are in line with a prior investigation that documented augmented expression and 
strong phosphorylation of BMX in cardiac endothelial cells within an Ang II-induced cardiac hypertrophy model [21]. Additionally, 
Chen et al. observed a similar trend in primary cortical neurons following cerebral ischemic injury and demonstrated that inhibiting 
BMX activity protected against neurodegeneration in the ischemic brain [12]. BMX performs an essential function in regulating the 
function of various tyrosine kinases by facilitating phosphorylation at the pYpY site within the kinase domain of multi-receptor 
tyrosine kinases [22]. As a result, this regulatory mechanism has the potential to exert a widespread impact on the activity of mul-
tiple tyrosine kinases. Based on our research findings, we propose the hypothesis that BMX might be included within retinal I/R injury 
medication through the modulation of tyrosine kinase phosphorylation levels. Furthermore, we suggest that BMX could be a crucial 
target for intervention in retinal I/R injury management. 

Retinal I/R injury might lead to a range of severe outcomes, primarily distinguished by the depletion of retinal neuron cells, 
resulting in retinal atrophy and thinning, along with damage to visual function [13,23–25]. Our findings align closely with prior 
research. Subsequent to I/R injury within WT mice, immunofluorescence staining analysis revealed a notable reduction within the 
count of RGCs, horizontal cells, and amacrine cells. However, the knockout of BMX can partially mitigate the detrimental effects of I/R 
injury on RGCs and INL layer amacrine cells. Significantly, our study yielded consistent results with Bai et al. [13], given the absence of 
any alteration in the quantity of rod bipolar cells. Nevertheless, our investigation additionally encompassed the assessment of bipolar 
cell axonal length, revealing a noteworthy reduction subsequent to the occurrence of I/R injury. Rod bipolar cells are primarily 
responsible for the processing and transmission of signals from photoreceptor cells to RGCs through chemical synapses, performing a 
critical function within the modulation and transmission of visual information [26]. Our findings revealed a substantial decrease 
within the capacity of ERG scotopic b-wave, indicating severe impairment of rod bipolar cell function subsequent to I/R injury. As for 
the shortening of rod bipolar cells’ axon length, we speculated that it might be due to the thinning of the entire inner retina, potentially 
leading to the observed reduction in length. For retinal histomorphometry, our findings indicated a statistically significant reduction 
within the total thickness of the retina, and in the thickness of NFL/GCL, IPL, INL, OPL, RNFL, and GCC following I/R injury, according 
to H&E staining and SD-OCT techniques. Additionally, our examination using ERG demonstrated a statistically significant reduction 
within the capacities of PhNR, scotopic a-wave, and OPs following I/R injury, suggesting impaired functionality of RGCs, photore-
ceptors, and amacrine cells. This study presents empirical evidence demonstrating that the knockout of BMX effectively mitigates 
histological damage and visual function impairment after the incidence of retinal I/R injury. 

Apoptosis was recognized as a prominent mechanism contributing to RGCs loss subsequent to retinal I/R injury, as evidenced by 
multiple studies [27–29]. The TUNEL assay, a well-established technique, has been extensively employed to detect and quantify DNA 
fragmentation and apoptosis induced by diverse forms of damage, including hypoxia [30,31]. The findings of our study indicated a 
noteworthy elevation in the quantity of TUNEL-positive cells in WT mice following I/R injury, particularly within the retina INL and 
GCL, aligning with previous research outcomes [27]. Conversely, the BMX− /− + I/R group exhibited a significantly lower count of 
TUNEL-positive cells contrasted with the WT + I/R group. Consequently, the outcomes of this investigation propose that BMX 
knockdown can effectively mitigate apoptosis in the retina. 

Inflammation is a crucial defense mechanism orchestrated by the host immune system and performs a significant function in the 
physiological functioning of the organism [32–34]. The retinal tissue possesses an immune system that exhibits high sensitivity, with 
microglia serving as the resident immune cells responsible for detecting and transmitting immune signals within the retina [35,36]. In 
instances of pathological conditions, microglia become activated and swiftly relocate to the outer retina, subsequently releasing cy-
tokines and chemokines that facilitate neuronal apoptosis in the retinal region [37,38]. Our investigation results revealed that after I/R 
injury to the retina, microglia exhibited significant activation and migration towards the outer retina, particularly in the GCL. 
Additionally, we detected a substantial elevation within the inflammatory factors’ expression levels, involving IL-8, IL-1β, IL-6, and 
TNF-α within the retina. Notably, the knockout of BMX led to a substantial decrease in microglia activation and a downregulation of 
inflammatory factor levels. Furthermore, the main neuroglia of the retina are Müller cells, astrocytes, and microglia, which play crucial 
roles in maintaining tissue homeostasis by interacting with neurons, immune cells, and blood vessels [39]. Our research also 
demonstrated that following I/R injury, there is a notable induction of astrocytes/Müller cells, combined with a substantial infiltration 
of leukocytes surrounding retinal blood vessels. Notably, the inhibition of BMX expression significantly suppressed the induction of 
astrocytes/Müller cells and mitigated the inflammatory infiltration surrounding retinal vessels. Based on the aforementioned findings, 
it is postulated that the knockdown of BMX may effectively mitigate the inflammatory response following the retinal I/R injury 
occurrence, thereby diminishing the apoptosis of RGCs and ultimately manifesting a neuroprotective impact. However, the research 
presented in this study does not provide sufficient evidence to establish a direct correlation between BMX-induced inflammation and 
RGCs apoptosis following glial cell activation. Therefore, further investigation is imperative to elucidate the potential regulatory 
mechanisms governing this association. 

The significant involvement of BMX in cytokine signaling and inflammation was extensively acknowledged [8,10]; nevertheless, 
the precise molecular mechanisms through which it contributes to retinal I/R injury remain unresolved. The gene STAT3 is widely 
recognized as a significant contributor to stress response, cell survival, and inflammation [40]. Research has demonstrated that the 
activation of STAT3 performs a pivotal function within the inflammatory response stimulated via elevated glucose levels in retinal 
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endothelial cells. Furthermore, inhibiting or reducing the expression of STAT3 has been found to decrease the levels of TNF-α 
expression and pERK phosphorylation in retinal endothelial cells [41,42]. Additionally, studies have revealed that BMX can effectively 
activate STAT3, thereby exhibiting anti-tumor and anti-drug resistance properties [43–45]. Furthermore, we discovered that the AKT 
and ERK pathway performs a crucial function in modulating the inflammatory response observed in retinopathy resulting from I/R 
injury, hyperglycemia, or LPS stimulation [28,46–49]. Prior research has indicated that the levels of p-AKT, particularly p-AKT1, and 
the phosphorylation levels of its principal downstream transcription factors, play a role in the onset and advancement of inflammation 
following liver ischemia-reperfusion injury [50,51]. For investigating the underlying molecular mechanisms through which the 
knockout of BMX mitigates the inflammatory response and neurological impairment stimulated via retinal I/R injury, we conducted an 
examination of the AKT/ERK/STAT3 signaling pathway. The findings of our investigation indicate a statistically significant elevation 
in the expression of phosphorylated AKT, ERK, and STAT3 proteins subsequent to retinal I/R injury incidence. Nevertheless, the 
knockout of BMX resulted in a notable reduction in the levels of phosphorylated AKT, ERK, and STAT3 proteins. Hence, it is proposed 
that the knockout of BMX gene expression mitigates the inflammatory reaction and neural impairment subsequent to retinal I/R injury, 
partly through modulation of the phosphorylation status of AKT/ERK/STAT3 signaling cascade. 

5. Conclusion 

In conclusion, our study provided evidence that the knockout of BMX can induce anti-apoptotic and anti-inflammatory effects by 
decreasing the phosphorylation level of downstream AKT, ERK, and STAT3 pathways. Within the context of the retinal I/R injury 
mouse model, this protected retinal structure and function. Consequently, targeting BMX inhibition may be an important management 
technique subsequent to the incidence of retinal I/R injury, warranting further investigation in clinical studies. 
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