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Abstract: Objective: To explore the expression localization, functional effects, and upstream regulatory mechanism
mediated by circHIPK3 (homeodomain interacting protein kinase 3)/miR-125a-5p of NDUFA5 (NADH-ubiquinone
oxidoreductase 1 alpha subcomplex 5) in diabetic retinopathy (DR) by integrating public single-cell and bulk RNA-
seq data with experimental validation, thereby providing a basis for investigating DR pathogenesis and identify-
ing therapeutic targets. Methods: scRNA-seq data of DR were obtained from the GEO database, and differential
expression of the key gene NDUFA5 was validated using bulk data. Human retinal microvascular endothelial cells
(hRMECs) were exposed to 30 mmol/L glucose to establish a high-glucose (HG) cell model. NDUFA5 was knocked
down in hRMECs. Cell viability was detected by Cell Counting Kit-8. The levels of oxidative stress indicators (malondi-
aldehyde [MDA], superoxide dismutase [SOD], glutathione peroxidase [GSH-Px]), and inflammatory factors (tumor
necrosis factor o [TNF-a], interleukin-6 [IL-6]) were measured using ELISA. Cell migration ability was detected by
Transwell assay, and tube formation ability was evaluated by tube formation assay. The expression levels of circH-
IPK3, miR-125a-5p, and NDUFA5 in cells were detected by RT-qPCR, and the protein expression of NDUFA5 was
detected by western blot. The stability of circHIPK3 was assessed by actinomycin D treatment. RNA pull-down and
dual-luciferase reporter gene assays were used to verify the binding relationships between circHIPK3/NDUFA5 and
miR-125a-5p. The targeting relationship between miR-125a-5p and NDUFA5 was examined by overexpressing miR-
125a-5p in HG cells. Combined inhibition of circHIPK3 and miR-125a-5p in HG cells were conducted to validate the
above regulatory mechanism. Male C57BL/6J mice (6-8 weeks) were intraperitoneally injected with STZ to establish
a DR mouse model. NDUFA5 was inhibited using intravitreal AAV (adeno-associated virus) injection. Retinal tissues
were collected for molecular detection. Results: scRNA-seq analysis revealed that NDUFA5 was specifically enriched
in retinal rod cells of DR mice, forming an NDUFA5-enriched rod cell cluster (NDUFA5+RC) enriched in oxidative
phosphorylation and HIF-1 signaling pathways. The VEGFA+MUC subpopulation in Miller cells was upregulated in
the DR group, enriched in DR-related core pathologic pathways such as VEGF and PI3K/Akt signaling pathways,
and bioinformatic prediction enhanced communication by the PTN-SDC4 ligand-receptor pair between VEGFA+MUC
and NDUFA5+RC. Bulk RNA-seq validation confirmed that NDUFA5 expression was significantly upregulated in the
DR group. Under HG conditions, NDUFA5 and circHIPK3 expression increased in hRMECs, while miR-125a-5p ex-
pression decreased. Knockdown of NDUFAS or overexpression of miR-125a-5p significantly alleviated HG-induced
cellular oxidative stress, inflammatory response, and abnormalities in migration and tube formation capacity.
Mechanistic validation showed that circHIPK3 is stably expressed in the cytoplasm and is capable of acting as a
competitive endogenous RNA (ceRNA) by sponging miR-125a-5p, which is associated with relieved targeted inhibi-
tion of NDUFA5. Animal experiments confirmed that NDUFA5 and circHIPK3 were upregulated, while miR-125a-5p
was downregulated in the retinae of DR mice. NDUFA5 inhibition significantly reduced retinal vascular leakage and
acellular capillary formation, and decreased oxidative stress and inflammation. Conclusion: In DR, circHIPK3 may
sponge miR-125a-5p, relieving NDUFA5 inhibition and contributing to DR progression. NDUFA5 represents a poten-
tial therapeutic target for DR.
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nism, retinal microvascular endothelial cells, oxidative stress
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Introduction

Diabetic retinopathy (DR) is a retinal microvas-
cular disorder that affects nearly all diabetic
patients [1]. The pathogenesis of DR is complex
and involves multiple core processes, including
hyperglycemia-induced retinal cellular hetero-
geneity, oxidative stress outbursts, inflamma-
tory infiltration, and endothelial dysfunction
[2-4]. As a highly specialized neurovascular tis-
sue, the retina contains multiple functionally
synergistic cell types, including rod cells, Mller
cells, and endothelial cells. Among these, rod
cells, as the most abundant photoreceptors,
are closely associated with early visual impair-
ment in DR [5, 6]; Muller cells, as the core glial
support cells of the retina, exacerbate DR pro-
gression through the release of inflammatory
cytokines and regulation of angiogenesis when
activated or in a state of homeostatic imbal-
ance [7, 8]. However, traditional bulk-level stud-
ies are unable to resolve the heterogeneity of
different retinal cell subsets or the dynamic
intercellular communication networks, leaving
critical gaps in our understanding of DR patho-
genesis [9].

NDUFAD, a core subunit of mitochondrial respi-
ratory chain complex | [10], participates in the
regulation of oxidative phosphorylation and
energy metabolism. Its aberrant expression
has been implicated in oxidative stress and
inflammation in diseases such as myocardial
ischemia and tumors [11, 12]. However, the
expression characteristics, functional roles,
and upstream regulatory mechanisms of
NDUFA5 in DR remain unclear. Non-coding
RNAs play critical roles in DR pathogenesis.
Among them, circRNAs act as ceRNAs to
sponge mMIiRNAs, thereby relieving post-tran-
scriptional inhibition of target genes [13]. circH-
IPK3, a well-studied circRNA, has been report-
ed to regulate target gene expression through
the ceRNA mechanism in various diseases, but
its role and regulatory targets in DR have not
been fully elucidated [14]. miR-125a-5p has
been reported to participate in the regulation of
oxidative stress and inflammation in diabetic
complications [15-17]; however, its possible
association with circHIPK3 and NDUFA5 in DR
remains experimentally unverified.

The advent of sScRNA-seq technology provides a
powerful tool for resolving cellular heterogene-
ity and intercellular communication, enabling
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precise localization of key gene expression at
the single-cell level [18]. In this study, we com-
bined scRNA-seq and bulk RNA-seq data to
characterize the expression localization of
NDUFA5 in DR at the cellular subset level.
Although scRNA-seq revealed NDUFA5 enrich-
ment in rod cells, we selected hRMECs for
mechanistic validation because they are key
effector cells mediating retinal vascular dys-
function, leakage, and neovascularization in
DR. We performed cellular experiments to veri-
fy its role in high glucose-induced cellular inju-
ry. We further explored the upstream regulatory
axis of circHIPK3/miR-125a-5p/NDUFA5 and
validated the therapeutic potential of targeting
NDUFA5 using a DR mouse model. This study
aims to provide new theoretical insight and
potential targets for the in-depth understand-
ing and precision treatment of DR.

Materials and methods
ScRNA-seq data analysis

Data were obtained from the GEO database
(GSE209872), containing single-cell transcrip-
tomic data from the retinas of three DR model
mice and two normal control mice. Pre-
processing was performed using the Seurat
v4.1.0 package. Batch effects were removed
using canonical correlation analysis (CCA).
Quiality control criteria: nCount < 20,000, per-
cent.mt < 25%. Highly variable genes (n =
3000) were identified using the FindVariable-
Features function in the Seurat package for
subsequent analysis. After normalization with
ScaleData, PCA was performed using RunPCA,
and the first 20 principal components were
selected for clustering. Cell clusters were iden-
tified using FindNeighbors and FindClusters,
and UMAP dimensionality reduction was per-
formed using RunUMAP. Retinal cell marker
genes from CellMarker2.0 were used to identify
differentially expressed genes for each cell
population via the FindAlIMarkers function. Rod
cells and Muller cells were extracted using the
Subset function, followed by re-clustering,
dimensionality reduction, and marker gene
analysis. GO and KEGG enrichment analysis
were performed using the clusterProfile pack-
age. Intercellular communication strength and
key signaling pathways were inferred using the
CellChat v1.6.1 package based on ligand-
receptor interaction databases.
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Bulk RNA-seq analysis

Data were obtained from the GEO database
(GSE60436), containing retinal transcriptomic
data from six DR patients and three normal
controls. Volcano plots and boxplots were gen-
erated to validate the expression differences of
key molecules identified by scRNA-seq between
the DR and control groups.

DR animal model construction and grouping

Male C57BL/6J mice aged 6-8 weeks were pur-
chased from Shanghai SLAC Laboratory Animal
Co., Ltd. (SYXK (Shanghai) 2022-0012). Mice
were housed in separate cages at 24+1°C,
50-60% humidity, under a 12:12 light-dark
cycle, with free access to food and water. All
experimental procedures complied with the
NIH Guide for the Care and Use of Laboratory
Animals [19].

After one week of acclimatization, 24 mice
were weighed and randomly divided into four
groups using a random number table: Sham,
DR, DR+sh-NC, and DR+sh-NDUFA5. The Sham
group received intraperitoneal injections of
citrate buffer (5 mL/kg) for 5 consecutive days;
the DR group received 1% STZ solution (50 mg/
kg) for 5 consecutive days to induce hypergly-
cemia, achieving diabetes diagnostic criteria.
At week 4 after STZ injection, mice in the
DR+sh-NC and DR+sh-NDUFA5 groups received
unilateral intravitreal injections of the respec-
tive AAV (5 uL/eye, 1 x 10*2 vg/mL) for 3 con-
secutive days. The sh-NDUFA5 AAV and its
negative control AAV sh-NC were provided by
Shanghai Hanheng Biotechnology Co., Ltd. At
week 8 after STZ injection, mice were deeply
anesthetized with isoflurane (5% for induction,
2% for maintenance, delivered through a vapor-
izer). After confirming the loss of pedal with-
drawal reflex and absence of breathing, mice
were euthanized by cervical dislocation [20].
The injected eye was collected for molecular
assays (RT-qPCR, Western blot, ELISA). All
quantifications were performed by blinded
observers with the mouse as the statistical
unit.

Cell culture and DR model establishment

Human retinal microvascular endothelial cells
(hRMECs) (CP-H130, Procell, Wuhan, China)
were cultured in complete hRMEC medium
(CM-H130, Procell) at 37°C in 5% CO,. Cells
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were incubated in 5.5 mM D-glucose medium
for 48 h as the normal glucose (NG) control
group, or in 30 mM D-glucose medium for 48 h
to simulate a hyperglycemic environment (HG
group).

Cell transfection

miR-125a-5p inhibitor, miR-125a-5p mimic,
siRNAs targeting NDUFA5 (si-NDUFA5-1, si-
NDUFA5-2), siRNAs targeting circHIPK3 (si-
circHIPK3-1, si-circHIPK3-2), and their respec-
tive controls (inhibitor NC, mimic NC, si-NC)
were purchased from Sangon Biotech (Shang-
hai, China). These RNAs were transfected into
hRMECs using Lipofectamine 3000 transfec-
tion reagent (L3000015, Thermo Fisher,
Waltham, MA, USA) according to the manufac-
turer’s instructions. Transfection efficiency was
assessed after 48 h, and subsequent experi-
ments were performed.

CCK-8

Cells (5 x 10°%) were seeded into 96-well plates.
After 48 h, 10 pyL of CCK-8 reagent (CKO4,
Dojindo Laboratories, Japan) was added and
incubated for 3 h. Absorbance was measured
at 450 nm using a microplate reader (Bio-Rad,
Hercules, CA, USA).

RT-gPCR

Total RNA was extracted using TRIzol reagent
(15596018CN, Invitrogen, Carlsbad, CA, USA).
Reverse transcription to obtain cDNA was per-
formed wusing a reverse transcription Kit
(RRO47A, Takara, Tokyo, Japan). For miRNA
detection, a miRNA First Strand cDNA Synthesis
(Tailing Reaction) kit (B532451-0020, Sangon
Biotech, China) was used. qRT-PCR was per-
formed using SYBR® Premix Ex TagTM Il (Perfect
Real Time) kit (DRRO81, Takara, Toyko, Japan)
and a real-time PCR system (ABI 7500, ABI,
Foster City, CA, USA). Primers were synthesized
by Sangon Biotech (primer sequences in Table
1). The C, values were recorded, and relative
gene expression was calculated using the 2-4¢t
method with GAPDH or U6 as internal controls.

Western blot

Proteins were extracted from tissues and cells
using a protein extraction kit (BC3710, Solarbio,
Beijing, China). Proteins were separated on
10% SDS-PAGE gels and transferred to PVDF
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Table 1. RT-qPCR primers

Gene name Species Forward Primer (5°-3’) Reverse Primer (5’-3)
hsa-circHIPK3 hsa (Human) GGATCGGCCAGTCATGTATC ACCGCTTGGCTCTACTTTGA
hsa-HIPK3 hsa (Human) TCAGTAGTGCTGCACCAGTG TATGCCACTGGGATGGGAGA
hsa-miR-125a-5p hsa (Human) TCCCTGAGACCCTTTAAC TTTGGCACTAGCACATT
hsa-NDUFA5 hsa (Human) GCACCCTACTGGAGTAAGGC ACTTGAGGCCTGATTGCACA
hsa-GAPDH hsa (Human) GACAGTCAGCCGCATCTTCT GCGCCCAATACGACCAAATC
hsa-U6 hsa (Human) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
mmu-circHIPK3 mmu (Mouse) GGATCGGCCAGTCATGTATC ACCGCTTGGCTCTACTTTGA
mmu-miR-125a-5p mmu (Mouse) GGGTCCCTGAGACCCTTTAAC CAGTGCGTGTCGTGGAGT
mmu-NDUFA5 mmu (Mouse) TCTTAGGTGACTCAGGGGCA AACATCTGGCTCCTCGTGTG
mmu-VEGFA mmu (Mouse) TTCGAGGAGCACTTTGGGTC GTGGGTGGGTGTGTCTACAG
mmu-CD31 mmu (Mouse) GTCAGAGTCTTCCTTGCCCC CGGGTTTCTGTTTGGCCTTG
mmu-GAPDH mmu (Mouse) AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA
mmu-U6 mmu (Mouse) CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

membranes. Membranes were blocked with 5%
skim milk and incubated with primary antibod-
ies overnight at 4°C. After washing, membranes
were incubated with goat anti-rabbit 1gG sec-
ondary antibody (1:10,000, ab6721, Abcam,
Cambridge, MA, USA). Protein expression was
detected using ECL Western Blotting Substrate
(PEOO10, Thermo Fisher Scientific, Waltham,
MA, USA). GAPDH was used as an internal con-
trol. Primary antibodies used: rabbit anti-NDU-
FA5 (1:1,000, ab241492, Abcam), rabbit anti-
GAPDH (1:1,000, ab9485, Abcam).

ELISA

Mouse serum or hRMEC culture supernatants
were collected. Levels of oxidative stress mark-
ers (MDA, SOD, GSH-Px) and inflammatory cyto-
kines (TNF-a, IL-6) in serum or cell superna-
tants were measured by ELISA according to the
manufacturer’s instructions (Nanjing Jiancheng
Co., China).

Transwell migration assay

Cells were collected and washed twice with
pre-chilled PBS. The cell density was adjusted
to 1 x 10° cells/mL in serum-free hRMEC com-
plete medium. Transwell chambers (3421,
Corning, NY, USA) were placed into 24-well
plates. The lower compartment contained
medium with 10% FBS, and the upper compart-
ment contained the cell suspension. After 48 h,
migrated cells were fixed with 100% formalde-
hyde for 30 min, stained with 0.1% crystal vio-
let, and observed under an inverted micro-
scope (CKX53, Olympus).
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Tube formation assay

hRMECs were seeded into 24-well plates pre-
coated with Matrigel (BD Biosciences, USA)
(300 pL) and incubated for 24 h. Tube-like
structures were observed under an inverted
microscope. Five random fields per well were
observed, and the number of tube-like struc-
tures was quantified using ImageJ software.

Nuclear-cytoplasmic fractionation for subcel-
lular localization of circHIPK3

Cells were resuspended in hypotonic buffer A
[10 mM HEPES (pH7.5), 0.5 mM DTT, 10 mM
KCl, 1.5 mM MgCl,] containing protease inhibi-
tors and RNase inhibitor (N8080119, Thermo
Fisher, Waltham, MA, USA). After incubation on
ice for 10 min, the mixture was centrifuged at
1000x%g for 10 min at 4°C. The supernatant
was further centrifuged at 15000xg for 15 min
to obtain the cytoplasmic fraction. The pellet
was washed twice with hypotonic buffer, resus-
pended in hypotonic buffer B [10 mM HEPES
(PH7.5), 10 mM KCI, 1.5 mM MgCl,, 0.5 mM
DTT, 0.5% Nonidet P-40], incubated at 4°C for
30 min with gentle rotation, and then centri-
fuged at 6000xg for 10 min at 4°C. The pellet
was washed once with hypotonic buffer and
then resuspended in RIPA buffer [50 mM Tris-
HCI (pH7.5), 150 mM KCI, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA pH8.0] containing protease and RNase
inhibitors. After incubation at 4°C for 30 min
with gentle rotation, the mixture was centri-
fuged at 15000xg for 20 min, and the superna-
tant represented the nuclear fraction.
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Actinomycin D assay for circHIPK3 stability

Cells were treated with 2.5 pg/mL actinomycin
D (SBR0O0013, Merck, Germany) for 8 h. At O, 2,
4, 6, and 8 h, TRIzol reagent (Invitrogen) was
added to collect RNA. After RNA extraction and
purification, RT-qPCR was performed.

RNA pull-down

Cells were collected and lysed (1.5 x 107).
Biotin-labeled miR-125a-5p probes were syn-
thesized by Genepharm (Shanghai, China) and
incubated with streptavidin-agarose magnetic
beads (20349, Thermo Fisher Scientific). Cell
lysates were incubated with miR-125a-5p
probes or control oligonucleotide probes over-
night at 4°C. RNA complexes bound to the
beads were eluted with wash buffer, and the
enrichment of circHIPK3 and NDUFA5 pulled
down by the miR-125a-5p probe was detected
by RT-gPCR.

Dual-luciferase reporter assay

Fragments of the circHIPK3 gene containing
the predicted miR-125a-5p binding site (circH-
IPK3-WT) or the NDUFA5 3'UTR containing the
binding site (NDUFA5-WT), as well as mutant
versions (circHIPK3-MUT, NDUFA5-MUT) with
mutated binding sites, were synthesized and
cloned into pMIR reporter plasmids (AM5795,
Thermo Fisher Scientific). These reporter plas-
mids were co-transfected into hRMECs along
with mimic NC or miR-125a-5p mimic. After 48
h, cells were collected and lysed, and luciferase
activity was measured using a luciferase assay
kit (K801-200, Biovision, Mountain View, CA,
USA).

Statistical analysis

Statistical analyses and graphing were per-
formed using SPSS 21.0 (IBM SPSS Statistics,
Chicago, IL, USA) and GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, CA, USA).
Measured data were expressed as mean *
standard deviation. Normality and homogenei-
ty of variance were first tested. For data that
passed normality and homogeneity tests, com-
parisons between two groups were performed
using t-tests. Comparisons among multiple
groups were performed using one-way ANOVA
or two-way ANOVA, followed by Tukey’s multiple
comparisons test. A two-sided P < 0.05 was
considered significant.
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Results

Expression characteristics of NDUFA5 in DR
retinal tissue

Clustering analysis of scRNA-seq data from
GSE209872 identified nine retinal cell types
(Figure 1A). We further performed subcluster
analysis of rod cells. According to the differ-
ences in marker genes of different clusters, rod
cells were divided into three phenotypes. The
first was JUN+RC cells, which expressed genes
related to normal rod cell function [21], with
high expression of JUN that promotes rod cell
differentiation and survival, as well as normal
rod function-related genes including Rp1 and
Cep290. The second was Actg1+RC related to
rod cell development and metabolism, with
high expression of Actgl, a cytoskeleton pro-
tein, and rod metabolism-related molecules
such as Sik1. The third was Ndufa5+RC with an
oxidative stress-related phenotype, which high-
ly expressed the key oxidative molecule Ndufa5
as well as related molecules including Vdac2.
Meanwhile, we found that Ndufa5+RC was
dominantin the DR group (Figure 1B). GO-KEGG
analysis of significantly upregulated genes in
NDUFA5+RC showed enrichment in pathways
related to oxidative stress, including “oxidative
phosphorylation” and “HIF-1 signaling path-
way”, suggesting a role of this subset in DR pro-
gression through oxidative stress (Figure 1C).

Mdiller cells are the core supporting cells of
the retina, and their functional imbalance is a
key driver of vascular pathology and inflamma-
tion in DR. Subcluster analysis of Mdller cells
identified three Muller cell phenotypes, among
which the VEGFA+MUC subset was markedly
increased inthe DR group (Figure 1D). GO-KEGG
enrichment analysis revealed that significantly
upregulated genes in VEGFA+MUC were en-
riched in DR core pathologic pathways such as
“VEGF signaling pathway”, “PI3K/Akt signaling
pathway”, and “Ras signaling pathway”, which
is consistent with the known functions of these
pathways in angiogenesis and inflammation
(Figure 1E). To dissect the intercellular commu-
nication between key subsets, CellChat analy-
sis was performed. Bioinformatic analysis pre-
dicted an increased communication strength
via the PTN-SDC4 ligand-receptor pair between
VEGFA+MUC and NDUFA5+RC (Figure 1F).
Previous studies have implicated the PTN-
SDC4 pathway in inflammation [22, 23], how-
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Figure 1. Expression characteristics of NDUFA5 in DR retinal tissue. A: Retinal cell types; B: Rod cell subcluster
analysis; C: GO-KEGG analysis of significantly upregulated genes in NDUFA5+RC; D: Muller cell subcluster analysis;
E: GO-KEGG analysis of significantly upregulated genes in VEGFA+MUC; F: Predicted cell-cell communication based
on ligand-receptor expression; G: Volcano plot of differential genes from bulk data.

ever, the functional relevance of this predicted
interaction requires experimental validation.
Validation using the GSE60436 bulk dataset
showed that NDUFA5, HSP9O0OB1 (oxidative
stress-related), VDAC2 (mitochondrial function-
related), and other genes were significantly
upregulated in the DR group (Figure 1G), con-
sistent with the scRNA-seq results.

NDUFA5 knockdown inhibits high glucose-
induced cellular injury

To investigate the role of NDUFAS in DR, we
knocked down NDUFA5 expression in hRMECs
(P < 0.05, Figure 2A) and selected si-NDU-
FA5-1, which showed better transfection effi-
ciency, for subsequent experiments. HG model
was established by treating with 30 mM glu-
cose. Compared to the NG (normal glucose
control), HG cells showed significantly increased
viability (P < 0.05, Figure 2B), increased migra-
tion capacity (P < 0.05, Figure 2C), increased
tube formation (P < 0.05, Figure 2D), elevated
MDA level, decreased SOD and GSH-Px levels
(P < 0.05, Figure 2E-G), and elevated TNF-«
and IL-6 levels (P < 0.05, Figure 2H, 2I), indicat-
ing that the high glucose environment induced
oxidative stress and inflammation, leading to
cellular injury. HG upregulated NDUFA5S expres-
sion (P < 0.05, Figure 2J, 2K). NDUFA5 knock-
down decreased cell viability, migration capac-
ity, and tube formation (P < 0.05, Figure 2B-D),
decreased MDA level, increased SOD and GSH-
Pxlevels (P < 0.05, Figure 2E-G), and decreased
TNF-a and IL-6 levels (P < 0.05, Figure 2H, 2I).
These results indicate that NDUFA5 knockdown
effectively alleviates high glucose-induced oxi-
dative stress and inflammation, thereby miti-
gating cellular injury.

miR-125a-5p is downregulated in DR and tar-
gets NDUFA5

To identify upstream regulators of NDUFAD, the
starBase database was used to predict miR-
NAs targeting NDUFAS. A conserved miR-125a-
5p recognition site was found in the NDUFAS
3’UTR. Previous reports have shown that over-
expression of miR-125a-5p significantly reduc-
es vascular leakage in DR [15]. Therefore, we
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hypothesized that miR-125a-5p might target
NDUFA5 to ameliorate high glucose-induced
cellular injury in DR. First, RNA pull-down and
dual-luciferase reporter assays validated the
binding between miR-125a-5p and NDUFA5 (P
< 0.05, Figure 3A, 3B). miR-125a-5p expres-
sion was downregulated in HG cells (P < 0.05,
Figure 3C). To further confirm the targeting rela-
tionship, we overexpressed miR-125a-5p in
hRMECs (P < 0.05, Figure 3D), which led to a
significant decrease in NDUFA5 expression (P <
0.05, Figure 3E, 3F). These results indicate
that miR-125a-5p targets and inhibits NDUFAS
expression.

miR-125a-5p overexpression alleviates high
glucose-induced retinal endothelial cell injury

To investigate the role of miR-125a-5p in HG
cells, we overexpressed miR-125a-5p in HG
cells (P < 0.05, Figure 4A). miR-125a-5p over-
expression led to downregulation of NDUFAS (P
< 0.05, Figure 4B, 4C), decreased cell viability,
migration capacity, and tube formation (P <
0.05, Figure 4D-F), decreased MDA level,
increased SOD and GSH-Px levels (P < 0.05,
Figure 4G-I), and decreased TNF-a and IL-6
levels (P < 0.05, Figure 4J, 4K). These results
indicate that miR-125a-5p overexpression
effectively alleviated high glucose-induced oxi-
dative stress and inflammation, thereby miti-
gating cellular injury.

circHIPK3 is upregulated in HG cells and tar-
gets miR-125a-5p

The starBase database predicted binding
between circHIPK3 and miR-125a-5p, and
circHIPK3 has been reported to function as a
mMiRNA sponge in DR [14, 24]. Therefore, we
hypothesized that circHIPK3 targets miR-125a-
5p. hRMECs were treated with actinomycin D to
assess the half-life of circHIPK3. Compared
with linear HIPK3, circHIPK3 exhibited greater
stability, whereas linear HIPK3 was readily
degraded (P < 0.05, Figure 5A). Nuclear-
cytoplasmic fractionation showed that circH-
IPK3 was predominantly localized in the cyto-
plasm of hRMECs (Figure 5B). RNA pull-down
and dual-luciferase reporter assays both con-
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Figure 2. NDUFA5 knockdown effectively alleviates high glucose-induced cellular injury. HG group: 30 mM D-glu-
cose; NG control: 5.5 mM D-glucose. hRMECs were transfected with two siRNAs targeting NDUFAS (si-NDUFA5-1,
si-NDUFA5-2), with si-NC as control. A: RT-qPCR detection of transfection efficiency; si-NDUFA5-1 was selected for
subsequent experiments. B: CCK-8 assay for cell viability. C: Transwell assay for cell migration (Scale bar = 50 ym;
x200). D: Tube formation assay for tube formation capacity (Scale bar = 50 um; x200). E-I: ELISA detection of
oxidative stress markers (MDA, SOD, GSH-Px) and inflammatory cytokines (TNF-q, IL-6). J, K: RT-gPCR and western
blot detection of NDUFAS expression. Three independent replicates; data are mean + SD. A-K: one-way ANOVA with

Tukey’s multiple comparisons test. * indicates P < 0.05.

firmed binding between circHIPK3 and miR-
125a-5p (P < 0.05, Figure 5C, 5D). Moreover,
circHIPK3 expression was significantly in-
creased in HG cells (P < 0.05, Figure 5E). We
then knocked down circHIPK3 in hRMECs (P <
0.05, Figure 5F). circHIPK3 knockdown signifi-
cantly increased miR-125a-5p expression (P <
0.05, Figure 5G) and decreased NDUFA5
expression (P < 0.05, Figure 5H, 5I). These
results indicate that circHIPK3 acts as a molec-
ular sponge for miR-125a-5p, inhibiting miR-
125a-5p expression and thereby promoting
NDUFAS expression.

circHIPK3 knockdown alleviates high glucose-
induced cellular injury by upregulating miR-
125a-5p

To validate the above mechanism, we knocked
down circHIPK3 in HG cells (P < 0.05, Figure
6A). circHIPK3 knockdown significantly in-
creased miR-125a-5p expression (P < 0.05,
Figure 6C) and decreased NDUFAS expression
(P < 0.05, Figure 6D, 6E), accompanied by
decreased cell viability, migration capacity, and
tube formation (P < 0.05, Figure 6F-H),
decreased MDA level, increased SOD and GSH-
Px levels (P < 0.05, Figure 61-K), and decreased
TNF-a and IL-6 levels (P < 0.05, Figure 6L, 6M),
indicating that circHIPK3 knockdown alleviated
high glucose-induced cellular injury. Next, we
transfected miR-125a-5p inhibitor to reduce
miR-125a-5p expression and performed com-
bination experiments with circHIPK3 knock-
down (P < 0.05, Figure 6B, 6C). In the combina-
tion group, decreased miR-125a-5p expression
led to increased NDUFAS expression (P < 0.05,
Figure 6D, 6E), along with increased cell viabil-
ity, migration capacity, and tube formation (P <
0.05, Figure 6F-H), increased MDA level,
decreased SOD and GSH-Px levels (P < 0.05,
Figure 61-K), and increased TNF-a and IL-6 lev-
els (P < 0.05, Figure 6L, 6M). These results
demonstrate that circHIPK3 knockdown allevi-
ates high glucose-induced cellular injury by
upregulating miR-125a-5p.
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NDUFAS5 inhibition ameliorates retinal vascular
pathology, oxidative stress, and inflammation
in DR mice

Finally, we established a DR mouse model
using STZ. Compared to the control group, the
mice in the remaining three groups showed sig-
nificantly decreased body weight (P < 0.05,
Figure 7A) and significantly increased blood
glucose (P < 0.05, Figure 7B), indicating suc-
cessful model establishment. In the retina of
DR mice, NDUFA5 levels were significantly
increased (P < 0.05, Figure 7C, 7D), miR-125a-
5p levels were significantly decreased (P <
0.05, Figure 7E), circHIPK3 levels were signifi-
cantly increased (P < 0.05, Figure 7F), oxidative
stress markers (MDA increased, SOD and GSH-
Px decreased) and inflammatory cytokines
(TNF-a, IL-6) were elevated (P < 0.05, Figure
7G-K). In addition, the expression of pro-angio-
genic factor VEGFA and endothelial cell marker
CD31 was significantly up-regulated in the DR
group (P < 0.05, Figure 7L). After NDUFA5 inhi-
bition (P < 0.05, Figure 7C, 7D), compared to
the DR+sh-NC group, mice showed decreased
MDA level, increased SOD and GSH-Px levels,
decreased TNF-a and IL-6 levels (P < 0.05,
Figure 7G-K). The expression of VEGFA and
CD31 was significantly down-regulated (P <
0.05, Figure 7L). These results suggest that
inhibition of NDUFA5S can improve retinal neo-
vascularization in DR mice by regulating the
expression of vascular related genes, and indi-
rectly verify its protective effect on retinal
vasculopathy.

Discussion

This study systematically investigated the
expression pattern, functional role, and regula-
tory mechanisms of NDUFA5 in DR in bioinfor-
matic analysis, in vitro cell models, and in vivo
animal experiments. Our findings suggest a
circHIPK3/miR-125a-5p/NDUFA5 regulatory re-
lationship in DR progression, providing new
mechanistic insights and potential therapeutic
targets.
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Figure 3. miR-125a-5p targets and inhibits NDUFAS expression. A: RNA pull-down assay detecting the binding between miR-125a-5p and NDUFADS. B: Dual-luciferase
reporter assay detecting binding of miR-125a-5p to the NDUFA5S 3'UTR sequence. C: RT-gPCR detection of miR-125a-5p expression. hRMECs were transfected with
miR-125a-5p mimic, with mimic NC as control. D: RT-gPCR detection of miR-125a-5p expression. E, F: RT-gPCR and western blot detection of NDUFA5 expression.
Three independent replicates; data are mean + SD. A, C-F: t-test. B: Two-way ANOVA with Tukey’s multiple comparisons test. * indicates P < 0.05.
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The scRNA-seq data provide cell-type localiza- NDUFAS in retinal endothelial injury. These
tion clues for NDUFA5S in rod cells, while the two sets of findings address different aspects
hRMEC experiments primarily test the role of of DR pathogenesis rather than representing
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Figure 5. circHIPK3 is upregulated in HG cells and targets miR-125a-5p. A: RT-qPCR detection of circHIPK3 and
HIPK3 mRNA after actinomycin D treatment. B: Nuclear-cytoplasmic fractionation for subcellular localization of
circHIPK3. C: RNA pull-down assay detecting binding between circHIPK3 and miR-125a-5p. D: Dual-luciferase re-
porter assay detecting binding of miR-125a-5p to the circHIPK3 3’'UTR sequence. E: RT-qPCR detection of circHIPK3
expression. F: hRMECs were transfected with two siRNAs targeting circHIPK3 (si-circHIPK3-1, si-circHIPK3-2), with
si-NC as control. G: RT-gPCR detection of miR-125a-5p expression. H, I: RT-gPCR and western blot detection of
NDUFA5 expression. Three independent replicates; data are mean = SD. C, E, G-I: t-test. F: One-way ANOVA. A, D:
two-way ANOVA with Tukey’s multiple comparisons test. * indicates P < 0.05.

the same cell-type-specific mechanism. The
scRNA-seq results revealed distinct subpopula-
tions of rod cells in DR retinas. Rod cells were
divided into three subsets: JUN+RC (normal
function), Actg1+RC (development and metabo-
lism), and NDUFA5+RC (oxidative stress-relat-
ed). Statistical analysis of cell subpopulations
confirmed that the oxidative stress-related
NDUFA5+RC subtype was markedly increased
and predominated in the retina of DR model
mice. NDUFA5+RC was enriched in oxidative
phosphorylation and HIF-1 signaling, consis-
tent with role of oxidative stress in early retinal
neuodegeneration in DR [5]. Rod cells are high-
ly metabolically active and rely on heavily on
mitochondrial ATP production for phototrans-
duction [25]. As a core subunit of mitochondrial
respiratory chain complex |, aberrant overex-
pression of NDUFAS in rod cells may be associ-
ated with complex | dysfunction. On the one
hand, decreased electron transport chain effi-
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ciency results in insufficient ATP synthesis,
directly affecting rod cell phototransduction
[25, 26]; on the other hand, complex | dysfunc-
tion exacerbates ROS generation, triggering
oxidative stress injury [27, 28]. This is consis-
tent with our cellular experiment results show-
ing that NDUFA5 knockdown significantly
reduced high glucose-induced MDA levels and
increased SOD and GSH-Px activities, suggest-
ing that NDUFA5S may contribute to rod cell dys-
function in early DR. Meanwhile, we identified
the VEGFA+MUC subset in Muller cells, which
was upregulated in the DR group and enriched
in DR core pathological pathways such as VEGF
and PI3K/Akt, further confirming the central
role of Mduller cell activation in DR vascular
pathology and inflammation. More importantly,
Mdaller cell-derived VEGFA+MUC showed en-
hanced PTN-SDC4 ligand-receptor communica-
tion with NDUFA5+RC. This interaction was a
bioinformatic prediction and requires experi-
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Figure 6. circHIPK3 knockdown alleviates high glucose-induced cellular injury by upregulating miR-125a-5p. HG cells were transfected with si-circHIPK3-1, with si-
NC as control. A: RT-qPCR detection of circHIPK3 expression. hRMECs were transfected with miR-125a-5p inhibitor (inhi miR), with inhibitor NC (inhi NC) as control.
B: RT-gPCR detection of transfection efficiency. C: RT-qPCR detection of miR-125a-5p expression. D, E: RT-qPCR and western blot detection of NDUFA5 expression.
F: CCK-8 assay for cell viability. G: Transwell assay for cell migration (Scale bar = 50 um; x200). H: Tube formation assay for tube formation capacity (Scale bar = 50
um; x200). I-M: ELISA detection of oxidative stress markers (MDA, SOD, GSH-Px) and inflammatory cytokines (TNF-a, IL-6). Three independent replicates; data are
mean * SD. B: t-test. A, C-M: one-way ANOVA with Tukey’s multiple comparisons test. * indicates P < 0.05.
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Figure 7. NDUFA5 inhibition alleviates retinal injury in DR mice. DR mouse model was established by STZ injection. DR mice received intravitreal injection of AAV-
packaged sh-NDUFA5 to inhibit NDUFA5 expression, with sh-NC as control. A: Body weight. B: Blood glucose. C, D: RT-gPCR and western blot detection of NDUFA5
expression. E, F: RT-gPCR detection of miR-125a-5p and circHIPK3 expression. G-K: ELISA detection of oxidative stress markers (MDA, SOD, GSH-Px) and inflam-
matory cytokines (TNF-q, IL-6). L: RT-qPCR detection of VEGFA and CD31 expression. n = 6; data are mean + SD. E, F: t-test. A-D, G-K: One-way ANOVA with Tukey’s
multiple comparisons test. L: Two-way ANOVA with Tukey’s multiple comparisons test. * indicates P < 0.05.
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mental validation. Previous studies have shown
that the PTN-SDC4 pathway can promote dis-
ease progression by activating downstream
inflammatory signals [22]. Such crosstalk may
form a local inflammatory-oxidative stress loop
that accelerates retinal damage. Bulk RNA-seq
further verified upregulation of NDUFA5 in DR
patients, supporting the clinical relevance of
our findings. It is important to note that scRNA-
seq analysis revealed NDUFA5S enrichment in
rod cells, whereas our functional validation was
performed in hRMECs, which are central to the
vascular pathology of DR. This discrepancy
reflects the multi-cellular nature of DR patho-
genesis: NDUFAS may exert cell-type-specific
functions. Rod cells are primarily involved in
early neuroretinal degeneration, while endothe-
lial cells mediate vascular leakage and neovas-
cularization. Given that our study focuses on
vascular outcomes (oxidative stress, inflamma-
tion, tube formation), hRMECs represent a rel-
evant model. Nevertheless, future studies will
validate this axis in photoreceptor cells, retinal
neurons, and retinal organoids to fully match
single-cell localization data.

The ceRNA mechanism is one of the core
modes by which circRNAs participate in dis-
ease regulation. circRNAs are stably expressed
in the cytoplasm, possess direct binding sites
for miRNAs, and regulate the expression of
miRNAs and their target genes [29]. Through a
series of mechanistic validation experiments,
our findings suggest a potential circHIPK3/miR-
125a-5p/NDUFA5 regulatory relationship. First,
the actinomycin D experiment showed that
circHIPK3 had a significantly longer half-life
than linear HIPK3, and nuclear-cytoplasmic
fractionation confirmed its predominant cyto-
plasmic localization, providing the structural
basis for its ceRNA function. Second, RNA pull-
down and dual-luciferase reporter assays
directly confirmed the direct binding between
circHIPK3 and miR-125a-5p, as well as be-
tween miR-125a-5p and the NDUFA5 3'UTR.
Finally, functional experiments showed that
under high glucose conditions, circHIPK3 and
NDUFA5 were upregulated while miR-125a-5p
was downregulated; circHIPK3 knockdown
upregulated miR-125a-5p and downregulated
NDUFAD, thereby alleviating high glucose-
induced cellular injury, whereas co-transfection
with miR-125a-5p inhibitor reversed this effect.
To our knowledge, this study provides initial evi-
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dence linking circHIPK3 with NDUFAS5, connect-
ing the four major pathologic components of
DR: circRNA regulation, oxidative stress, inflam-
mation, and vascular injury. It also clarifies the
central role of miR-125a-5p in this regulatory
axis, filling a gap in the research on miR-125a-
5p target genes and regulatory networks in DR.
Previous studies have shown that miR-125a-5p
can alleviate diabetic nephropathy by inhibiting
inflammatory cytokine expression and also sup-
press inflammatory cytokine levels in DR [30,
31]. Our study further expands its function in
DR, demonstrating that it can regulate oxida-
tive stress, inflammation, and vascular function
by targeting NDUFAD, providing new evidence
for the multi-organ protective role of miR-125a-
5p. The consistency between the cellular and
animal experiment results provides a solid
foundation for clinical translation of this study.
At the cellular level, NDUFA5 knockdown or
miR-125a-5p overexpression significantly alle-
viated high glucose-induced abnormalities in
hRMEC migration, tube formation capacity, oxi-
dative stress, and inflammation. At the animal
level, intravitreal injection of AAV-sh-NDUFA5
effectively inhibited NDUFAS expression in DR
mice, significantly decreased oxidative stress
and inflammation levels in retinal tissue. These
results suggest that targeting NDUFA5 can
improve multiple aspects of DR pathologic
injury and has potential therapeutic value.
The circHIPK3/miR-125a-5p/NDUFA5 regulato-
ry axis identified in this study provides multiple
potential targets for the development of novel
targeted therapies for DR and is expected to
enrich the treatment strategies for DR.

This study had several limitations. First, the HG
cell model did not fully recapitulate the hypoxic
and metabolic microenvironment in the diabet-
ic retinopathy in humans. Second, clinical sam-
ple size was relatively small, so future studies
will expand clinical cohorts and validate the
axis in human vitreous samples. Third, the
downstream signaling pathways of NDUFA5
remain to be fully explored. Nonetheless, our
findings established the circHIPK3/miR-125a-
5p/NDUFAS axis as a novel regulator of DR and
supported NDUFA5 as a promising therapeutic
target.
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