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Abstract

mental studies and clinical practice.

Diabetic retinopathy is one of the most common and serious microvascular complications of diabetes mellitus.

There are many factors leading to diabetic retinopathy, and its pathogenesis is still unclear. At present, there are still
no effective measures for the early treatment of diabetic retinopathy, and the treatment options available when dia-
betes progresses to advanced stages are very limited, and the treatment results are often unsatisfactory. Detailed
studies on the molecular mechanisms of diabetic retinopathy pathogenesis and the development of new therapeutic
agents are of great importance. This review describes the potential pathogenesis of diabetic retinopathy for experi-
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Introduction

Diabetic retinopathy (DR) is one of the common com-
plications of type 2 diabetes mellitus (T2DM) and is an
irreversible and blinding eye disease. Depending on the
degree of progression, DR is categorized as non-pro-
liferative diabetic retinopathy(NPDR) and proliferative
diabetic retinopathy(PDR), specifically mild non-prolif-
erative diabetic retinopathy, moderate non-proliferative
diabetic retinopathy, severe non-proliferative diabetic
retinopathy and proliferative diabetic retinopathy. In
NPDR, the condition is accompanied by loss of perivas-
cular cells in the retina, leakage of dilated microvessels,
and formation of small aneurysms until the retina swells
and affects the patient’s vision. In PDR, the blood-retinal
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barrier is broken and the vascular perfusion pressure
is reduced. The most typical feature of PDR is the pro-
liferation of the ischemia-mediated imbalance between
angiogenic and antiangiogenic factors leading to neoin-
timal hyperplasia, which can lead to vitreous hemor-
rhage and retinal detachment. Vision loss is primarily
associated with two advanced diseases: diabetic macular
oedema(DMO) and PDR; DMO can occur at any stage
of diabetic retinopathy, but the risk increases with the
severity of the DR lesion, with a prevalence of up to 71%
of patients with PDR [1]. Hyperglycemia and nuclear
factor-kappaB (NF-«B) hypertension are the main risk
factors for DMO, which primarily destroys the blood-ret-
inal barrier by altering endothelial growth factor (VEGF)
and pro-inflammatory cytokines pro- inflammatory
cytokines, which can lead to vascular leakage and ulti-
mately to blindness [2]. This article provides a review and
outlook of the main influencing factors and pathogenesis
involved in DR-related research areas and potential ther-
apeutic targets.
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Oxidative stress

Oxidative stress (OS) is an adverse phenomenon caused
by the imbalance between the formation and elimina-
tion of oxygen free radicals, which plays an important
role in the development of DR. Studies have shown that
diabetic patients have increased levels of reactive oxygen
species (ROS) in hyperglycemia (HG) and decreased lev-
els of antioxidants such as superoxide dismutase (SOD)
and glutathione (GSH). This leads to an imbalance in the
oxidation-antioxidation system, which exposes retinal
tissues and cells to ROS attack and accelerates apopto-
sis and DR pathology [3]. Therefore, the elevated level of
ROS can be used as an important reference indicator in
DR lesions.

Current research related to OS-induced DR is more
extensive and involves numerous mechanisms. Studies
have shown that the HG environment activates polyol
pathways that have multiple effects on the generation
of oxidative stress in DR. Catalyzed by aldose reduc-
tase, excess glucose uses nicotinamide adenine dinu-
cleotide phosphate (NADPH) as an electron donor to
form sorbitol, which is strongly hydrophilic and loses
its lipid membrane penetration ability, increasing cell
osmotic pressure and leading to retinal capillary per-
meability damage. In addition, sorbitol is reduced to
fructose by the action of sorbitol dehydrogenase, which
further depletes a large amount of NADPH, leading to a
decrease in cofactors for GSH synthesis and a weakened
resistance to oxidative stress, accelerating the damage
of retinal pigment epithelial cells by ROS [4]. Under a
prolonged HG environment, reducing sugars react with
proteins, lipids, and other macromolecular substances at
their active sites to form stable glycosylation end prod-
ucts after a complex series of chemical rearrangements,
which promote NF-«kB activation by binding to late gly-
cosylation end product receptors, leading to apoptosis
and increased vascular endothelial permeability in peri-
cytes, as well as activating downstream NADPH oxidase
to accelerate the use of NADPH to increase ROS pro-
duction [5]. Studies have shown that high blood glucose
levels as well as severe insulin resistance and obesity acti-
vate high NF-kB expression in retinal vascular cells and
increase retinal inflammation and oxidative stress, but
the latter two do not exhibit DR-specific vasculopathy,
and that diabetes or hyperglycemia activates pathways
such as NF-«kB, inflammation, or oxidative stress leading
to retinal capillary dysfunction, which indirectly suggests
that hyperglycemia plays a crucial role in the progres-
sion of DR [6]. The NOX family of proteins is an impor-
tant member of the NADPH oxidase family and includes
multiple isoforms that play different roles in mediating
ROS or in the retina. Related studies in DR have focused
on NOX1, NOX2, and NOX4. Studies have shown that
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excessive ROS production by NOX2/NADPH in HG
increased arginase-1 expression and decreased the utili-
zation of NO, which damages the vascular repair mecha-
nism and causes retinal vascular leakage [7]. Researchers
studied inducible human NOX5 transgenic mice in an
oxygen-induced retinopathy model by in vitro and in vivo
experiments and found that NOXS5 significantly induced
oxidative stress and elevated VEGF and intercellular
adhesion factor levels, which in turn exacerbated neovas-
cularization and vascular infiltration and increased dam-
age to the visual system, and it was also demonstrated
that inhibition of NOX1/4 expression and NOX5-siRNA
reduced high glucose-induced oxidative stress, angio-
genesis, and upregulation of inflammatory factors [8]. In
addition, the production of excess reactive oxygen spe-
cies is inextricably linked to the occurrence of lipid per-
oxidation. Oxygen-derived free radicals, such as hydroxyl
and hydroperoxides, have been shown to oxidize phos-
pholipids and other lipid components in cell membranes,
causing lipid peroxidation, which in turn generates ROS
promoting senescence of retinal pigment epithelial cells,
and the peroxidation products can facilitate the process
of permeation of ROS from the mitochondria, which also
suggests that cutting off the pathway of origin of perox-
ides by inhibiting the onset of lipid peroxidation plays
an important role in the control of DR This also suggests
that cutting off the source pathway of peroxides by inhib-
iting the occurrence of lipid peroxidation is important
for the control of DR [9]. Fatty acid binding protein 4
(FABP4) is a free fatty acid (FFA) chaperone protein that
plays an important role in maintaining glucose and lipid
homeostasis. Studies have shown that the abnormally
high expression of serum FABP4 in patients with DR
results in a disturbed balance between glucose and lipid
metabolism, exacerbating the development of DR, and
FABP4 inhibitors can attenuate lipid peroxidation and
oxidative stress, effectively reducing retinal damage in
DR. Meanwhile, the degree of FABP4 elevation was posi-
tively correlated with the lesions, suggesting that FABP4
can be used as a prognostic marker for DR patients and
an important target for inhibiting lipid peroxidation to
delay retinal damage [10].

The current clinical debate on antioxidant stress injury
revolves around the increase of antioxidant enzyme con-
tent and activity. Normally, Nrf2 is located in the cyto-
plasm linked to a redox-sensitive protein (kelch-like
ECH-associated protein 1, Keapl) and the ubiquitin
ligase Cullin3. Under oxidative stress, it can induce con-
formational modification of Keapl cysteine residues,
transportation of Nrf2 and combination with the antioxi-
dant reaction elements (ARE), which lead to the expres-
sion of antioxidant genes to maintain cell homeostasis
[11]. In the streptozotocin-administered diabetic mouse
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model, the increased expression of Keapl and insufficient
translocation of Nrf2 to the nucleus resulted in decreased
activity of Nrf2-associated antioxidant enzymes, such as
heme oxygenase 1, NADPH dehydrogenase, thioredoxin
reductase, catalase, and glutathione reductase, which
reduced the antioxidant capacity of the body and aggra-
vated DR [12]. The polymorphism analysis of Nrf2 gene
locus and the regulation of its expression levels in and out
of the nucleus may become a new prevention and control
strategy for DR, but a lot of research is still needed on
how to accurately screen gene loci and analyze the cor-
relation between loci. Bardoxolone methyl (BM), con-
sidered the most important synthetic triterpenoid. BM
can effectively increase estimated glomerular filtration
rate (eGFR) in clinical trials, showing positive therapeu-
tic effects in chronic kidney disease (CKD). Meanwhile,
BM is an oral antioxidant and inflammation modulator,
which can increase the antioxidant capacity by activat-
ing the Nrf2- Keapl-ARE signaling pathway, and slow
down the development of inflammation by inhibiting the
NF-«B signaling pathway, which may directly intervene
in the development of diabetic kidney disease (DKD) and
DR [13].

Inflammatory reaction

Inflammation plays a key role in the pathogenesis of
DR. The measurement of the expression of inflamma-
tory factors can be used as an important indicator for
the early diagnosis and prognosis of DR. The levels of
interleukin-1p (IL-1p), IL-6, IL-8, IL-17A and tumor
necrosis factor-a (TNF-a) were found to be significantly
elevated in DR patients, and the expression was posi-
tively correlated with the severity of the disease [14]. In
HG, the expression of TNF-«, monocyte chemoattract-
ant protein-1, IL-1B and other inflammatory factors is
up-regulated [15]. TNF-a induces the expression of Runt-
related transcription factor 1 in human retinal capillary
endothelial cells (HRCECs) by phosphorylating c-Jun
N-terminal protein kinase. In turn, it promotes EC pro-
liferation and vascular migration [16]. Increasing serum
IL-6 content can cause EC dysfunction, change vascular
dynamics, improve vascular permeability, and eventually
lead to blood leakage [17]. In addition, chronic inflamma-
tion will lead to vascular occlusion and synthesis of new
vessels, accelerating the transition to PDR. Studies have
shown that nucleotide-binding oligomerization domain-
like receptor protein 3 (NLRP3) and IL-1f levels are sig-
nificantly elevated in the retina of PDR patients and are
involved in the formation of late pathological neointima
[18]. Thioredoxin-interacting protein (TXNIP) is a pro-
tein that promotes oxidative stress and apoptosis, and
excessive expression of ROS and TXNIP in a high glucose
environment will activate NLPR3 inflammatory vesicles
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in large numbers and thus activate IL-1f3 leading to apop-
tosis of pericytes in the retina [19]. Considering the
complexity of the sources that trigger the inflammatory
response, most clinical interventions currently adopted
are based on the level of early prevention and later dis-
ease control. In the HG state, the increase in reactive oxy-
gen radicals plays an important role in the inflammatory
response and the subsequent complex oxidative stress
response, which in turn causes a vicious circle. Therefore,
the combined measurement of inflammatory factors and
oxidative stress indicators in serum can provide a clinical
reference for the diagnosis and prognosis of DR patients.

Mitochondrial disorders

Mitochondrial DNA disorders

The expression disorder of mitochondrial DNA (mtDNA)
plays an important role in DR. Mitochondria are abun-
dant in highly metabolically active photoreceptor cells
and retinal pigment epithelium. In mitochondria, high
circulating glucose can produce a large amount of ROS
by increasing the electron flux of the electron transport
chain (ETC) and reducing the specific activity of com-
plex III, which directly damages mitochondrial struc-
ture and mtDNA. In addition, the continuous increase of
ROS increased the expression of matrix metallopeptidase
2(MMP-2) and MMP-9, which were transferred from
the cytoplasm to the mitochondria with the help of heat
shock protein 70, destroyed gap junction proteins and
led to the exudation of cytochrome C, thereby accelerat-
ing capillary apoptosis. This also precedes the appearance
of pathological features in DR [20]. Homocysteine levels
were found to be more than threefold elevated in the ret-
ina of patients with DR and were strongly correlated with
mtDNA expression levels [21]. In the HG state, mtDNA
is impaired by oxidative stress, base mismatch rates are
increased, and transcription of mtDNA-encoded genes
is reduced. The increase in homocysteine further exacer-
bates the extent of damage and reduces the transcription
of mtDNA-encoding genes that are essential for main-
taining normal ETC function, thereby affecting electron
chain transfer and generating a vicious cycle of excess
peroxides and free radicals. In addition, homocysteine
promotes mitochondrial damage by activating MMP-9
and inhibits the transcriptional activity of Nrf2 impair-
ing the resistance of the mitochondrial defense system
to oxidative stress [22]. Thus, high homocysteine levels
increase the risk of DR in diabetic patients, which pro-
vides a new clinical direction of reference for the early
determination of DR disease.

Mitochondrial allostery
Mitochondria are highly dynamic, adapting to cellu-
lar demands through fusion, division, autophagy and
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biosynthesis. Under normal conditions, biosynthesis
safeguards the replication of mitochondrial genes and
proteome, and autophagy selectively degrades dam-
aged or excess mitochondria through lysosomes to pre-
vent apoptosis caused by mitochondrial abnormalities.
However, in diabetic mice, mitosis is increased in Miil-
ler cells due to impaired mitochondrial transcription fac-
tor A downstream of biosynthesis, resulting in reduced
mitochondrial numbers [23]. Mitochondrial fission is
dominated by dynamin-1-like protein (Drpl), and outer
membrane fusion is controlled by fusion protein mito-
fusin (Mfn), which includes Mfnl and Mfn2. In DR, the
retinal mitochondria are swollen, the expression of Mfn2
is decreased, and the expression of Drpl is increased,
which divides play a dominant role, breaking the dynamic
balance and aggravating the damage of mitochondria and
increasing the production of ROS [24]. A recent study
found that mitochondria-targeting small molecule pep-
tide SS31 can reduce excessive mitochondrial fragmen-
tation in mice by downregulating the expression of Drpl
and increasing the expression of Mfnl and Mfn2, thus
suggesting that SS31 can protect diabetic mice from HG-
induced changes in mitochondrial integrity and avoid
further subsequent reactions [25].

Mitochondria in diabetic patients are affected by oxi-
dative stress, allostery, DNA damage and other factors.
Mitochondria are damaged by oxidative stress and DNA
damage. Damaged mitochondria can in turn increase the
level of oxidative stress and the degree of DNA damage to
change the structure and stability of mitochondria.

Gene epigenetic inheritance

DNA methylation

DNA methyltransferase (DNMT1) is the key enzyme
to maintain DNA methylation. Studies have shown that
the content of DNMT1 in diabetic retinal cells is sig-
nificantly increased, and it mainly binds to the D-loop
region of mtDNA, which increases the level of 5mC and
the degree of methylation, destroys the important genes
encoding the ETC system, and leads to a vicious cycle of
increased superoxide free radical level [26]. The mtDNA
polymerase y regulatory region CpG site remains hyper-
methylated blocking the binding of the mismatch repair
enzyme POLG to mtDNA, inhibiting the transcriptional
efficiency of DNA, causing mitochondrial dysfunction
and accelerating retinal capillary apoptosis [27]. At the
same time, high levels of histone methylation transferase
acting at the NF-«xB promoter in the HG state activate its
transcriptional expression, which in turn accelerates reti-
nal capillary apoptosis [28]. Decreased methylation levels
of mitochondrial DNA and related genes have the poten-
tial to increase mitochondrial homeostasis and delay the
development of DR. Studies related to histone acetylation
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have been conducted less frequently, mainly around acet-
ylases. In the retinal cells of diabetic mice, histone dea-
cetylase 6 expression was reduced and the acetylation
levels of substrates H3K56 and H3K9 were increased,
which prompted the release of VEGF from Miiller cells
and accelerated the apoptosis of retinalcells [29].

Differential expression of ncRNA

Noncoding RNA (ncRNA) represented by microRNAs
(miRNAs), long noncoding RNAs (IncRNAs) and cir-
cular RNAs (circRNAs) are significantly differentially
expressed in DR. They regulate gene expression at the
transcriptional and post-transcriptional levels and affect
a variety of molecular pathways.

miRNAs are single-stranded ncRNAs consisting of
20-24 nucleotides, which are more stable in tissue fluid
and blood. Exosomes are small vesicles that can be
secreted by almost all cells and can carry RNA, DNA,
lipids, proteins and metabolites. miRNA can interact with
the 3’-untranslated region(3’-UTR) of targeted mRNA
through its 6 nt seed sequence, and mediate posttran-
scriptional gene silencing (PTGS) in the cytoplasm [30].
miRNAs play an important role in the induction of DR.
Studies have shown that at high glucose levels, the levels
of anti-angiogenic miRNAs ( miR-106 a-5 p, miR-20 a-5
p, and miR-20 a-3 p) are reduced, leading to increased
expression of VEGF and thus promoting damage to reti-
nal photoreceptors [31]. Some miRNAs can aggravate
the progression of PDR in the condition of HG. Overex-
pressed miR-221 binds to the 3’-UTR of SIRT 1 mRNA
and downregulates its expression, blocking the Nrf 2
pathway and increasing the apoptosis of retinal micro-
vascular endothelial cells (RMEC) [32]. The research on
targeted RNA in retinal neuropathy focuses on Miiller
cells. miRNA can interfere with the destruction of Miiller
cells under HG conditions and play a protective role. For
example, up-regulation of miR-486-3P expression can
protect Miiller cells from apoptosis caused by oxidative
stress and inflammatory stimulation under HG condi-
tions [33]. In RMEC exert protective effects by targeting
VEGE, for example, miR-15b and miR-152 can directly or
indirectly downregulate VEGF expression in RMECs in
the HG state and inhibit vascular endothelial cell prolif-
eration [34, 35].

Differential expression of circRNs A in human retinal
vascular endothelial cells (HRVECs) has a significant
effect on the progression of DR. overexpression of circH-
IPK3 in HRVEC cytoplasm inhibits miR-30a-3p activ-
ity and upregulates expression of VEGFC, FZD4 and
WNT2, resulting in increased endothelial proliferation
and vascular dysfunction. Silencing circHIPK3 alleviated
retinal vascular dysfunction [36]. Therefore, circRNA is a
potential target for controlling PDR.
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IncRNAs are non-coding protein transcripts consist-
ing of more than 200 nucleotides that regulate gene
expression both pre- and post-transcriptionally. IncRNA
MALAT]1 is an important research target in the direction
of DR. MALAT1 promotes glucose-induced angiogen-
esis and inflammatory responses in HRECs by upregu-
lating endoplasmic reticulum stress, increasing Keapl
transcript levels obstruct the nuclear movement of Nrf2
and inhibit the expression of antioxidant-responsive
enzymes to break the retinal microvascular antioxidant
defense system [37, 38]. Knockdown of MALAT1 inhibits
cell proliferation, migration and angiogenesis of human
retinal microvascular endothelial cells (HRMECs) by
targeting miR-125b and suppressing the VE-cadherin/f3-
catenin complex. Inhibition of MALAT1 may serve as a
potential target for anti-angiogenic therapy for DR [39].

Levels of hemoglobin

Anemia is defined as a decrease in hemoglobin concen-
tration, a sign of reduced oxygen-carrying capacity. As
one of the complications of diabetes, it adversely affects
the progression of diabetes-related microvascular com-
plications, leading to a diminished vasodilatory response
and late neointima formation. Numerous clinical studies
have found that anemia and hemoglobin levels become
independent risk factors for the development and pro-
gression of DR. Logistic regression analysis of hemo-
globin (Hb) level in patients with type 2 diabetes showed
that the Hb level in the DR Group was significantly lower
than that in the normal control group, and the incidence
of anemia was significantly increased. For every 1 g/dl
increase in Hb, the risk of DR decreased by 19%. Low Hb
can reduce vascular shear stress, inhibit microvascular
remodeling and tension regulation, which in turn leads
to retinal tissue damage and promotes the development
and deterioration of DR [40]. Hypoxia has an impact on
the development of DR. Hypoxia-inducible factor (HIFS)
is an important regulator of oxygen homeostasis in the
body’s response to hypoxia. Currently, the mechanism
of HIF-1a’s role in DR is complex. HIF-1a plays an unfa-
vorable role as a central stimulator of angiogenesis in
PDR, as evidenced by the fact that hypoxia induces the
up-regulation of HIF-1«, which in turn increases the
expression of VEGF and promotes the formation of reti-
nal blood vessels [41]. Recent studies have shown that
HIF-1a overexpression in diabetic rats enhances the inva-
sion, migra tion, and permeability of ARPE-19 cells, exac-
erbating retinal damage [42]. It is also worth mentioning
that patients with DKD and anemia are at a significantly
higher risk of developing PDR, with some combina-
tion of the two. This is mainly reflected in the estimated
glomerular filtration rate (eGFR) and urine albumin-to-
creatinine ratio (UACR). Hb may be a mediator of the
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correlation between UACR and eGFR and the risk of
DR. UACR abnormalities affect the risk of DR directly or
indirectly by lowering Hb levels, whereas eGER indirectly
affects the risk of DR through decreased Hb levels [43].
Although both are important risk factors for DR, UACR
is more strongly associated with DR than eGFR. DKD is
not only one of the serious complications of TM, but also
contributes to the development of DR. The American
Diabetes Association’s (ADA) recent "Standards of Medi-
cal Care for Diabetes—2020" recommends that effective
control of blood pressure, lipid and glucose levels can
help reduce the risk or slow the progression of DR, but
does not mention Hb [44]. As one of the important items
of routine blood tests, Hb has the characteristics of rapid
detection and easy access, so the Hb level in patients with
T2DM should be taken seriously. Moreover, diabetic
patients especially those with a high risk of DKD or ane-
mia should be recommended to have regular testing of
early retinal changes to prevent the occurrence of DR. Hb
level and anemia rate are decreasing and increasing with
the severity of DR, respectively. Controlling Hb levels in
patients with DR has a greater clinical significance for
disease progression.

Intestinal flora dysregulation

As an important part of the gastrointestinal tract envi-
ronment, the change of microecological environment
of microbiota often induces many metabolic diseases in
humans. Studies have shown that the imbalance of the
gastrointestinal ecological environment can lead to the
imbalance of microorganisms and their metabolites,
promote inflammation, change glucose homeostasis
and insulin resistance. At the same time, disturbances
in the intestinal flora can affect the fluctuation of related
biochemical factors in the body, such as reduced lev-
els of bile acids and endocrine regulatory peptides and
increased levels of lipopolysaccharides, which further
induce the development of T2DM [45].In addition, it
has been confirmed that there are significant differences
in viral and fungal communities in the gastrointestinal
tract between patients with type 2 diabetes and normal
persons [46]. Gut-retinal axis plays an important role
in the development of DR. DR Patients have changes in
the diversity and abundance of gut microbiota, mainly
manifested as a reduction in anti-inflammatory, probi-
otic and other potentially pathogenic bacteria [47]. Some
intestinal bacteria can highlight their anti-inflamma-
tory effects by reducing cytokines and chemokines. For
example, ingestion of Lactobacillus paracei can suppress
retinal inflammation by decreasing the loss of cytokine-
producing macrophages and age-related retinal cells [48].
Although no statistically significant differences have been
found in studies of the gut-retinal axis in patients with
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DM and DR at this time, the gut-retinal axis has been
shown to be an important potential target for DM and its
associated complications.

Amino acid metabolism

With the rapid development of metabolomics in recent
years, it has been used to identify complex endogenous
metabolic phenotypes in various diseases such as diabe-
tes mellitus. Intraocular fluid (vitreous fluid and atrial
fluid) can directly reflect metabolic changes in the eye,
but considering the limitations of sample acquisition
requiring invasive intraocular surgery, there is a ration-
ale for selecting peripheral blood for differential amino
acid metabolism analysis. Glutamate and glutamine
were found to be significantly different between diabetic
and non-diabetic patients and could be used as candi-
date biomarkers to differentiate DR patients [49]. Glu-
tamine is relatively easily converted to glutamate, which
plays an important role in retinal metabolism as a nutri-
tional supplement and excitatory amino acid. Glutamate
metabolism is mainly concentrated in retinal ganglion
cells (RGCs), endothelial cells and Miiller cells. In RGCs,
excess amino acids induce increases in intracellular Ca®*
levels mainly through massive activation of NMD-type
glutamate receptors (NMDAR), causing nNOS (neu-
ronal nitric oxide synthase, nNOS) upregulation, mito-
chondrial dysfunction, and production of ROS, leading
to excitotoxicity which is further physiological disrup-
tion of the retina, including oxidative stress, inflamma-
tion, and neuronal apoptosis [50]. The same toxic process
was observed in the other two cell lines. Notably, plasma
metabolite levels of arginine are elevated in DR patients
compared to samples from DM patients [51]. Arginine
is a substrate for arginase enzymes (including arginase 1
Argl and arginase 2 Arg2). Overexpression of Arg2 in the
diabetic retina leads to a deficiency of arginine involved
in the NOS pathway, resulting in NO insufficiency and
consequent vasodilator restriction and endothelial cell
dysfunction, increased production of nitrogen and oxy-
gen-responsive substances, which aggravate DR [52]. The
goal of metabolomics is to discover biomarkers that pro-
vide insight into disease pathogenesis, but DR has been
found to cause irreversible damage to retinopathy and is
highly related to metabolic changes, so it could be used
as a good technique for early detection of potential diag-
nostic biomarkers and treatment and prognosis manage-
ment of the disease.

In the high glucose environment of the body, a large
amount of reducing coenzyme II NADPH is consumed
and gradually reduced to sorbitol and fructose, which
leads to the decrease of reducing glutathione (GSH),
an important antioxidant in the body, and the increase
of reactive oxygen species (ROS) production, which
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enhances the oxidative stress (OS) reaction in the body
[4]. OS results in the increase of advanced macromo-
lecular glycosylation end products (AGEs), lipid peroxi-
dation products [9]and the production of homocysteine
and matrix metalloproteinase MMP2/9 [21, 22], as well
as mitochondrial DNA damage which in turn reduces
its transcription and expression [20]. The above series of
important molecular changes may increase the expres-
sion of NADPH oxidase by activating the NF-«B signal-
ing pathway [5]. Alternatively, the nuclear translocation
and activation of Nrf2 is inhibited by the conforma-
tional modification of Keepl, so that Nrf2 cannot acti-
vate and bind to antioxidant reaction elements (ARE)
and enhance the expression of related antioxidant genes
[11, 12]. It may also affect mitochondrial stability by
causing damage to mitochondrial structure [24]. Or the
increased exudation of Cyt C promotes the apoptosis of
capillary endothelial cells [20]; It could also reduce the
amount of Hb by reducing erythrocytes, resulting in tis-
sue hypoxia and increase of inflammatory factors and
vascular proliferation factors [40, 41]. Eventually, it leads
to retinal cell apoptosis, destruction of retinal pigment
epithelium(RPE), vascular injury, increased osmotic pres-
sure, neovascularization, macular edema, vitreous hem-
orrhage, retinal detachment and other results, which
contribute the progression of diabetic retinopathy (DR)
and even eventually lead to blindness in patients.

Discussion

During the development of DR, numerous factors can
interconnect and interact with each other through their
own interference mechanisms to mediate a series of cel-
lular responses, which can lead to irreversible malignant
consequences. A large number of research data suggest
that in the control and treatment of DR, stabilization of
the mitochondrial structure, inhibition of related inflam-
mation, modification of target genes, and prevention of
oxidative stress are feasible, and the complex interac-
tions between multiple mechanisms deserve in-depth
study. The specifically relevant pathways are shown in
Fig. 1. In addition, there are other signaling pathways
involved in disease development. Recent studies have
shown that protein kinase C-8(PKC-9) levels are persis-
tently elevated in diabetic patients, and PKC-§ activation
is associated with cell apoptosis. Hyperglycemia activates
two independently acting pathways: Activation of PKC-§
and P38a MAPK-mediated src homology-2 domain—
containing phosphatase-1(SHP-1) overexpression to
inactivate platelet-derived growth factor receptor-
B(PDGER-PB) and activate the NF-xB cascade to induce
apoptosis of retinal pericytes and endothelial cells. It
is mainly involved in the occurrence and development
of early DR Lesions such as microhemangioma and
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Fig. 1 Pathways of action of relevant mechanisms in the development of DR

acellular capillaries [53]. For the severity of DR onset
and poor prognosis, early screening and diagnosis play
an important role in early intervention of the disease,
and both routine blood tests and differential amino acid
metabolism analysis are good methods. Considering the
prominent problems of frequent administration of clini-
cal intervention therapy and the inability of long-term
lasting therapeutic effects as well as serious side effects,
gene therapy will become one of the hot spots for future

research. Based on the characteristics of the physiologi-
cal anatomy of the eye, the technical methods of vitreous
cavity drug delivery and fundus examination for con-
tinuous assessment of efficacy are relatively well estab-
lished, which in turn makes low-dose vector-targeted
gene therapy for DR possible, but there is still a lack of
relevant clinical trials. Table 1 shows the potential tar-
get molecules for intervention associated with diabetic
retinopathy and their pathways of action and outcomes.
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Table 1 Diabetic retinopathy related target molecules
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Function

Name Related signal pathway
Nox 1/2/4/5 [7, 8] NF-kB
Nrf2 [11-13] Nrf2-ARE
HIF-1a [41,42] Increases VEGF
SHP-1 [53] PDGF-B/PDGFR-$
PKC-6
P38aMAPK
§S31 [25] Decreases Drp1 and increases Mfn1/2
Homocysteine [22] mmp2/9 — Cytc
FABP4 [10] PPARy — ferroptosis

Enhances VEGF expression and ROS production
Enhances the expression of antioxidant genes
Promotes the progression of PDR

Intensifies the apoptosis of peri-retinal cells
and endothelial cells

Reduces mitochondrial fragmentation and
protect mitochondrial integrity

Apoptosis of capillary cells

Maintain glucose and lipid homeostasis
Inhibit lipid peroxidation and oxidative stress

In this review, we have outlined various pathogenic
mechanisms of DR and therapeutic directions that
deserve attention and in-depth exploration. As research
on DR continues to progress, a deeper and more com-
prehensive understanding of various mechanisms that
have not yet been elucidated will be gained, and various
drugs or therapies will be developed to intervene and
stop DR lesions at an early stage using the action char-
acteristics of different mechanisms, which will prevent
the deterioration of retinal lesions leading to blindness.
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