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Editorial on the Research Topic

Advances in the research of diabetic retinopathy
Diabetes remains a planetary crisis with its prevalence estimated to increase by nearly

50% in the next 25 years (1, 2) One of the main challenges for the diabetic patients is the

development of chronic complications, leading to end organ damage. Chronic diabetic

complications are a major cause of mortality and morbidity for the people living with

diabetes. Retinal damage in diabetics, also known as diabetic retinopathy (DR) is a

leading cause of blindness in working-aged adults (3, 4). Although DR begins with

asymptomatic hyperglycemic damage to the retinal microvasculature, in particularly

endothelial cells, it eventually causes a symphony of abnormalities at various levels,

creating cellular dysfunction and damage, ultimately leading to functional and structural

changes in the retina that result in vision impairment and blindness (5–7). Current

treatment approaches serve as band-aid solutions that address the root of the problem in

a very limited perspective (8, 9). To develop a solid preventive and therapeutic approach

for DR, a better understanding of this disease is essential.

This Research Topic presents a large number of articles including original research as

well as review to improve our understanding of DR. The specific topics represent various

levels of complexities. The publications address issues ranging from the molecular level to

cellular level to animal levels and finally to DR patients. The articles investigate and

discuss specific pathogenetic mechanisms, effects of current treatment modalities and

treatment outcomes.

It was also to be noted that this collection also identifies potential upcoming

treatment modalities and diagnostic approach using various RNA molecules as well as

application of artificial intelligence and machine learning for DR diagnosis and

assessment of prognosis.

Among the review topics Zhang et al. compared effectiveness of panretinal

photocoagulation alone along with in combination of anti VEGF treatment. Guo et al.

discussed uric acid abnormalities, an understudied area in DR. Similarly, Zheng et al.

reviewed another relatively unappreciated topic, i.e, relationship of sleep quality with risk
frontiersin.org01
5

https://www.frontiersin.org/articles/10.3389/fendo.2022.1038056/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1038056/full
https://www.frontiersin.org/research-topics/29401#articles
https://doi.org/10.3389/fendo.2022.807687
https://doi.org/10.3389/fpubh.2022.906760
https://doi.org/10.3389/fendo.2022.922886
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1038056&domain=pdf&date_stamp=2022-10-25
mailto:subrata.chakrabarti@lhsc.on.ca
https://doi.org/10.3389/fendo.2022.1038056
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1038056
https://www.frontiersin.org/journals/endocrinology


Chakrabarti et al. 10.3389/fendo.2022.1038056
of developing DR. Furthermore, Zhang et al. reviewed the effects

of calcium dobesylate treatments in patients with non-

proliferative DR.

As we are entering in an area of RNA based therapy and

diagnosis, two of the presented articles provided valuable insight

in this area. Niu et al. reviewed exosomes/microRNAs in the

treatment of DR and Kowluru discussed Long Noncoding RNAs

and Mitochondrial Homeostasis in the Development of DR.

Practical applications of these reviews these reviews were also

supported by original research articles. In one such article Biswas

et al. described the use of a serum lncRNAs panel to diagnose

DR. In the other article Yang et al. characterised small RNAs and

microRNAs in the vitreous Humor of proliferative DR. It was

also revealed that plasma metabolomic profiling (Sun et al.)

growth differentiation factor 15 levels (Niu et al.) may also be

effective in the assessment of DR.

Several researchers presented original research describing

roles of various additional molecules in DR, including secreted

cystine rich acidic protein (Luo et al.), homocysteine ( Luo et al.)

and retinal inflammation and macrophage infiltration (Meng

et al.).

The articles presented in this Research Topic further showed

the impact of glycemic control on photoreceptor Layers and RPE

in type 2 Diabetes (Ishibashi et al.). Furthermore, Xie et al.

showed assessment of fundus structure using OCT may act as a

predictive model for treatment effect for diabetic macular edema.

Best corrected visual acuity in macular edema may also be

predicted by OCT (Li et al.). Deng et al. proposed the use of

hand-held ERG device for DR Screening. In addition, it was

shown that artificial intelligence and machine learning may also

predict DR in type 2 diabetic patients (Zhao et al.). It was also
Frontiers in Endocrinology 02
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important to note the data of Kailuan eye study (Yongpeng et al),

showing that DR is an independent risk factor for dry AMD.

In conclusion, this Research Topic brings insights and a

wealth of knowledge regarding DR, involving its pathogenesis,

diagnostic modalities, clinical presentation and treatment. We

sincerely feel that these set of articles have set the stage for new

knowledge creation and their clinical application in this area

in future.
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The Relationship Between Circulating
Growth Differentiation Factor 15
Levels and Diabetic Retinopathy
in Patients With Type 2 Diabetes
Yixin Niu†, Weiwei Zhang†, Jie Shi†, Yueming Liu , Hongmei Zhang, Ning Lin , Xiaoyong Li ,
Li Qin , Zhen Yang* and Qing Su*

Department of Endocrinology, Xinhua Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China

Objective: Growth differentiation factor 15 (GDF-15) is a member of the TGF-b
superfamily that has anti-inflammatory properties. The objective of this study was to
evaluate the relationship between circulating GDF-15 levels and diabetic retinopathy (DR)
in patients with type 2 diabetes.

Materials/Methods: A case–control study was performed in which 402 patients with
type 2 diabetes were enrolled. Of these, 171 patients had DR and the remaining 231
patients without DR acted as controls. The plasma GDF-15 levels were measured using
ELISA, while DR was diagnosed using the canon ophthalmic digital imaging system and
the Canon EOS 10D digital camera (Canon, Tokyo, Japan) through a non-
pharmacologically dilated pupil.

Results: The levels of GDF-15 were significantly higher in patients with DR [168.9 (112.9–
228.3) pg/ml vs. 127.8 (96.1–202.8) pg/ml, P < 0.001] compared to controls. Results of the
Spearman correlation analysis showed that the GDF-15 levels were positively associated with
the duration of diabetes morbidity, fasting plasma glucose, systolic blood pressure, albumin/
creatinine ratio, creatinine, and liver enzymes, but negatively associated with eGFR (both P <
0.001). The participants in the highest GDF-15 quartile had a significantly increased risk for DR
(OR = 2.15, 95% CI 1.53–3.02) after adjusting for potential cofounders.

Conclusions: The circulating GDF-15 levels are positively associated with DR
independent of potential cofounders.

Keywords: GDF-15, type 2 diabetes, mild non-proliferative DR, moderate NPDR, vision-threatening DR
INTRODUCTION

The prevalence of diabetes in China has become a major public health concern with ~9.7% of all
adults affected (1). Diabetic retinopathy (DR) is a microvascular complication of diabetes and is the
leading cause of blindness among adults of working-age around the world (2). Although DR is
initially asymptomatic, its progression is characterized by damage to the retinal microvasculature
due to inflammation and oxidative stress caused by chronic hyperglycemia. Recently, studies have
n.org March 2021 | Volume 12 | Article 62739517
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focused on inflammatory biomarkers and risk factors for
endothelial dysfunction, such as C-reactive protein (CRP), and
tumor necrosis factor-a (TNF-a) that are considered to be
prognostic factors for the development of DR. These studies
have also shown that some cytokines may be associated with the
development of DR (3–5).

Growth differentiation factor 15 (GDF-15), also known as
macrophage inhibitory cytokine-1(MIC-1) (6), placental
transformation growth factor-b (PTGF-b) (7–9), prostate derived
factor (PDF) (10), placental bone morphogenetic protein (PLAB)
(11, 12), NSAID activated gene-1 (NAG-1) (13, 14), and PL74 (15),
are divergent members of the transforming growth factor-b
(TGF-b) superfamily with anti-inflammatory properties. GDF-15
is highly expressed in cardiomyocytes, adipocytes, macrophages,
endothelial cells, and vascular smooth muscle cells during tissue
injury and inflammatory states. It plays a crucial role in the
development and progression of cardiovascular diseases such as
heart failure, coronary artery diseases, atrial fibrillation, diabetes,
cancer, and cognitive impairment (16, 17). In type 2 diabetes, GDF-
15 predicts the development of proteinuria in patients with diabetic
nephropathy, suggesting that GDF-15 may be a part of an anti-
inflammatory response to microvascular damages (18). Moreover,
GDF-15 is associated with a number of circulating proangiogenic
endothelial progenitor cells in patients with type 2 diabetes (19).
Furthermore, GDF-15 expression is markedly increased before the
onset of type 2 diabetes (20), which suggests that GDF-15 is a
potential biomarker of DR (21).

Therefore, the current study aimed to investigate the
relationship between plasma GDF-15 levels and the risk of DR
in a large cohort of type 2 diabetic patients.
METHODS

Study Population
This was a cohort study aimed at assessing the risk factors
associated with the development of diabetic complications.
Study participants were type 2 diabetes patients recruited from
the Department of Endocrinology at Xinhua Hospital Affiliated
to Shanghai Jiaotong University School of Medicine between
2013 and 2014. Diabetes was defined according to the 2008
American Diabetes Association diagnostic criteria (22).

Individuals with the following conditions were excluded from
the study: cancer, acquired immune deficiency syndrome, severe
psychological disorders, clinical signs or symptoms of inborn
errors of metabolism, a history of vitreal surgery, senile
dementia, tuberculosis, a cataract on examination, or any other
communicable disease. A total of 402 participants with type 2
diabetes were included in this study. Written informed consent
was obtained from all participants. The Ethics Committee of
Xinhua Hospital Affiliated to Shanghai Jiaotong University
School of Medicine approved this study.

Clinical Data Collection and
Biochemical Measurements
Anthropometric measurements, questionnaire, physical
examination, and laboratory measurements were performed.
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The waist circumference was defined as the midway level
between the costal margins and the iliac crests. Blood pressure
was assessed twice on the right arm after a 15-min rest in a sitting
position using a standard mercury sphygmomanometer. BMI
was calculated as the weight in kilograms divided by the square
height in meters (kg/m2). Age, alcohol consumption (yes/no,
history of alcohol consumption was defined as “yes”, lack of
history was defined as “no”), smoking (yes/no, history of
smoking was defined as “yes”; lack of history was defined as
“no”), education status, and duration of diabetes morbidity were
assessed using interviews. Based on the International Physical
Activity Questionnaire scoring protocol, the physical activity
level was classified as low, moderate, or high level.

The A1c was measured using high-performance liquid
chromatography (BIO-RAD, D10, CA), while fasting plasma
glucose levels were tested using the glucose oxidase method
(ADVIA-1650 Chemistry System, Bayer, Leverkusen,
Germany). Lipid profiles, liver enzyme profiles, and creatinine
(Cr) were determined using a Hitachi 7080 analyzer (Hitachi
7080; Tokyo, Japan), while fasting insulin was determined using
the radioimmunoassay method (Linco Research, St. Charles,
MO). The albumin/creatinine ratio (ACR) was calculated as
milligrams of urinary albumin excretion per gram of urinary
creatinine. Glomerular filtration rate (eGFR) was estimated using
a simplified Modification of Diet in Renal Disease formula
recalibrated for the Chinese: 186 × (serum creatinine ×
0.011)−1.154 × (age)−0.203 × (0.742 if female) × 1.233 (23). The
homoeostasis model assessment (HOMA) value for insulin
resistance (HOMA-IR) was evaluated with the following
formula: fasting insulin × fasting glucose/22.5. The HOMA-b
was calculated using the formula described by Matthews
et al. (24).

Circulating GDF-15 Levels, Adiponectin
and CRP
The circulating levels of GDF-15 were determined in duplicate
using the Duoset kit for ELISA (DY805; R&D Systems,
Minneapolis, MN) according to the instructions of the
manufacturer. The ELISA system had an intra-assay coefficient
of variation of 3 to 9% and an inter-assay coefficient of variation
of 4 to 10.2%.

The circulating adiponectin and C-reactive protein (CRP)
were measured using ELISA kits (DY1065 and DY1707,
respectively; R&D Systems, Minneapolis, MN) according to the
instructions of the manufacturer.

Diagnosis of Diabetic Retinopathy
Dilated ophthalmic eye examinations including fundus photography
were performed by an experienced ophthalmologist. DR was
classified as cases without diabetic retinopathy (non-DR), mild
non-proliferative DR (NPDR), moderate NPDR and vision-
threatening DR (VTDR).

Assessment of Diabetic Retinopathy
Fundus photography was performed using digital non-mydriatic
camera (CR6-45NM; Canon, Lake Success, NY) according to the
International Classification of Diabetic Retinopathy (25).
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The severity of DR was classified as 1) non-DR; 2) mild non-
proliferative DR (NPDR); 3) moderate NPDR; 4) severe NPDR;
and 5) proliferative DR (PDR). Due to the limited number of
study participants with PDR (n = 2), PDR cases were combined
with severe NPDR cases to give the vision-threatening DR
(VTDR) group. When binocular DR was present and unequal,
we used the more advanced DR measurement for analyses.
Patients with ungradable retinal fundus photographs of both
eyes were excluded from the study.

Statistical Analysis
Continuous variables with normal distribution were shown as
means with SDs, whereas variables with skewed distribution were
presented as median with interquartile range. For comparisons
between groups, continuous variables were compared using
Student t tests or Mann–Whitney U tests. Categorical variables
were expressed as proportions and compared across groups
using X2 tests. Spearman correlation analysis was used to
calculate the correlation coefficients between GDF-15 and
metabolic parameters. Multivariate logistic regression models
were performed to determine the potential relationship between
GDF-15 levels and the risk of DR. To minimize the potential
confounding factors, covariates were selected based on biologic
interest, well established risk factors for DR, or associated
exposures and outcomes. Variables showing P < 0.05 in the
univariable regression were entered into the multivariable model.
All statistical analyses were performed with the SPSS software
(version 25.0). A two-sided P < 0.05 was considered to be
statistically significant.
RESULTS

Baseline Characteristics
Out of a study population of 402 participants, 171 individuals
(42.5%) had DR. The plasma GDF-15 levels were significantly
higher in patients with DR (168.9 [112.9–228.3] pg/ml vs. 127.8
[96.1–202.8] pg/ml, P < 0.001) compared to controls. Moreover,
there was an increasing trend in the median (inter-quartile
range) of GDF-15 concentrations from the patients with no
DR, mild NPDR, moderate NPDR, to VTDR (P < 0.001 for
trend) (Figure 1). The clinical characteristics of the study
participants are shown in Table 1.

Results of the Spearman correlation analysis showed that
GDF-15 was positively correlated with age (r = 0.14, P < 0.0001),
duration of morbidity (r = 0.40, P < 0.0001), fasting plasma
glucose (r = 0.13, P < 0.0001), systolic blood pressure (r = 0.15,
P < 0.0001), Cr (r = 0.21, P < 0.0001), and ACR (r = 0.13, P <
0.0001), but was negatively correlated with eGFR (r = −0.21, P <
0.0001) (Figure 2). Multiple regression analysis with a stepwise
model was used to assess the independent variables that affect the
GDF-15 plasma levels. The variables entered in the model were
as follows: age, gender, CRP, BMI, WC, SBP, DBP, ALT, AST,
GGT, HbA1c, fasting plasma glucose, fasting plasma insulin,
triglycerides, total cholesterol, LDL-c and HDL-c. The main
determinants of GDF-15 were age (b = 0.304, P < 0.001), ALT
(b = 0.153, P < 0.001) and Cr (b = 0.152, P < 0.001).
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Association Between GDF-15 and DR
Table 2 displays the odds ratios (ORs) for DR based on the GDF-
15 quartiles. As expected, there was an increase in the ORs for
DR from the 1st to the 4th GDF-15 quartiles in the study cohort
(P < 0.001 for trend). In the highest GDF-15 quartile, the
adjusted OR of DR was 2.15 [95% confidence interval (CI)
1.53–3.02] after adjusting for age, gender, smoking, alcohol
consumption, education status, physical activity, BMI, waist
circumference, CRP, adiponectin, HOMA-IR, liver enzymes,
diabetes duration, FPG, eGFR, Cr, and ACR. A positive linear
dose–response relationship was evident in the cubic spline
regression model (Figure 3, P for non-linearity > 0.1).

Subgroup Analyses
Subgroup analyses were performed to examine potential effect
modifiers, stratified by age (<65 versus ≥65 years), sex (male versus
female), SBP (<140 versus ≥140 mmHg), waist circumference (<90
versus ≥90 cm for men and <85 versus ≥85 cm for women and),
CRP (<3.0 versus ≥3.0 mg/L), and ACR (<30 versus ≥30 mg/g).
Results of stratified analyses showed that the positive associations
between GDF-15 levels and the presence of DR remained
consistent across all subgroups (Figure 4). No interaction was
observed with any of the variables (all P for interaction > 0.1).
DISCUSSION

In this cohort study, we found a significantly positive association
between circulating GDF-15 levels and the risk of DR in
FIGURE 1 | Plasma GDF-15 levels in type 2 diabetes without DR compared
with patients with mild non-proliferative DR (NPDR), moderate NPDR, or
vision-threatening DR (VTDR). Boxes represent the inter-quartile range, with
the median superimposed as a horizontal line. Error bars indicate ranges of
plasma GDF-15 levels. P < 0.001 for trend.
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individuals with type 2 diabetes. This association remained even
after extensively adjusting for potential confounders through the
stratification of several potential risk factors that may have an
effect on the GDF-15–DR relationship.

In our study, plasma levels of GDF-15 were significantly higher
in patients with DR compared to patients without DR. Moreover,
results of our study showed that plasma GDF-15 concentrations
were associated with progression of DR in individuals with type 2
diabetes, after controlling for confounding risk factors. Glycemia,
blood pressure, and duration of diabetes morbidity have been
identified as risk factors for DR although there are still some
controversies (26, 27). This is consistent with the findings from
our study that showed that the duration of diabetes morbidity,
HbA1c, CRP, and systolic blood pressure was a risk factor for DR
in patients with type 2 diabetes. In line with a previous study (28),
we also found that the plasma levels of GDF-15 were significantly
associated with renal damage and could predict the development
of diabetic retinopathy in patients with type 2 diabetes.
Importantly, the association between circulating plasma GDF-15
concentrations and the progression of DR in type 2 diabetic
patients in our study was independent of the traditional DR risk
factors mentioned above.
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GDF-15 was discovered and cloned as a divergent member of
the TGF-b superfamily in the late 1990s (6). The GDF-15 gene is
composed of two exons and contains one single intron that
interrupts the coding sequences at identical positions within the
pre-pro-domain of the corresponding proteins (7, 29). It is
widely expressed in almost all tissues indicating that it has
numerous vital cellular functions such as proliferation,
migration, maintenance, and homeostasis (10). This suggests
that alterations of serum GDF-15 levels may be associated with
various diseases including heart failure, coronary artery diseases,
cancer, diabetes, and diabetic renal damage (16–18). Circulating
GDF-15 is likely to be secreted by endothelial cells such that the
serum levels of GDF-15 are a general indication of endothelial
and microvascular damage. This may explain the association
between GDF-15 and DR since DR is primarily caused by
microvascular injury during diabetes (30).

The mechanism of the microvascular effects of GDF-15 on
DR in patients with type 2 diabetes has not been elucidated yet.
Previous studies have shown that DR is characterized by a
decrease in retinal perfusion caused by the constriction of
arterioles, endothelial cell degeneration, microvascular
destabilization caused by the retinal pericyte loss, and a release
of proangiogenic factors that promote the development of many
abnormal new vessels (26, 30). In addition, GDF-15 plays a
major role in regulating the recruitment of inflammatory cells by
directly interfering with leukocyte integrin activation and
inhibiting leukocyte arrest and extravasation on the
endothelium (30). Due to the anti-inflammatory role of GDF-
15 in the vascular endothelial cell, the plasma levels of GDF-15
tend to rise with the progress of microvascular injury (31).

Alternatively, as a member of the TGF-b family, GDF-15 may
signal through an alternate, non-TGF-b receptor mediated
mechanism instead of the classical TGF-b signaling pathway
through Smad phosphorylation (32–34). It may also play an
important role in angiogenesis (34). GDF-15 impairs in vitro
angiogenesis by blocking connective tissue growth factor 2
(CCN-2)-mediated tube formation in human umbilical vein
endothelial (HUVEC) cells as well as inhibiting the CCN-2-
dependent activation of focal adhesion kinase and subsequent
decrease in aVb3 integrin clustering. In the same vein, GDF-15,
in combination with BMP-2, has been shown to mediate the
inhibition of fenretidine-dependent tumor vessel growth by
interfering with endothelial cell growth, migration, and
invasion (35). There have been reports that angiogenesis in
hypoxic HUVEC cells is promoted by a signaling pathway,
which includes hypoxia-inducible factor 1-alpha (HIF-1alpha),
VEGF, and p53 (36). Moreover, GDF-15 regulates endothelial
cells through altered endothelial caveolar signaling (37).
Increased circulating levels of GDF-15 have been attributed,
inter alia, to endothelial dysfunction (38). It is possible that the
increase in the plasma levels of GDF-15 in the patients with
diabetes may cause a counter-regulatory and compensatory
mechanism which protects against angiogenesis, but not
sufficient to protect against DR. Interestingly, consistent with
our hypothesis, we observed that the incidence of DR increased
with the plasma GDF-15 quartiles in this study.
TABLE 1 | Characteristics of subjects according to the presence or absence of
diabetic retinopathy (DR) (n = 402).

Characteristics NDR (n = 231) DR (n = 171) P value

Case (male/female) 119/112 91/80 0.736
Age (year) 57.8 ± 8.3 57.3 ± 9.2 0.569
Duration (year) 5 (1–10) 10 (7–14) <0.001
BMI (kg/m2) 25.6 ± 3.8 25.3 ± 3.6 0.424
WC (cm) 86.5 ± 8.6 86.9 ± 8.7 0.647
SBP (mmHg) 127.1 ± 11.9 134.5 ± 12.5 <0.001
DBP (mmHg) 75.6 ± 9.2 78.7 ± 10.1 0.002
FPG (mmol/L) 7.6 (5.8–9.7) 9.4 (7.0–11.9) <0.001
HbA1c (%) 9.1 ± 1.3 9.6 ± 1.5 <0.001
HOMA-IR 2.69 (1.79–3.89) 2.87 (1.85–3.99) <0.001
TC (mmol/L) 4.83 ± 1.25 4.92 ± 1.31 0.485
TG (mmol/L) 1.68 (1.19–2.53) 1.77 (1.28–2.87) <0.001
HDL (mmol/L) 1.39 (1.21–1.59) 1.32 (1.16–1.49) 0.009
LDL (mmol/L) 2.91 ± 0.94 2.98 ± 0.95 0.463
CRP (mg/L) 1.92 (1.26–2.70) 2.46 (1.38–3.61) <0.001
Adiponectin (mg/L) 3.13 (2.39–3.95) 2.87 (2.06–3.73) 0.008
ALT (U/L) 16 (12–25) 22 (14–31) <0.001
AST (U/L) 20 (16–25) 24 (19–31) <0.001
GGT (U/L) 22 (16–28) 28 (19–39) <0.001
Cr (mmol/L) 68.7 ± 18.6 77.9 ± 19.3 <0.001
ACR 10.1 ± 3.6 17.3 ± 3.9 <0.001
eGFR (mL/min/1.73 m2) 104.3 (99.9-110.1) 93.6 (88.9–100.3) <0.001
Hypoglycemic treatments 0.006
Insulin (%) 87 (37.7) 64 (37.4)
OHA (%) 112 (48.5) 63 (36.8)
Insulin + OHA (%) 32 (13.9) 44 (25.7)
GDF-15 (pg/ml) 127.8 (96.1–202.8) 168.9 (112.9–228.3) <0.001
ACR, albumin/creatinine ratio; ALT, alanine aminotransferase; AST, aspartate
transaminase; BMI, body mass index; CRP, C-reactive protein; Cr, creatinine; DBP,
diastolic blood pressure; eGFR, estimated glomerular filtration rate; FPG, fasting plasma
glucose; GDF15, growth differentiation factor 15; GGT, g-glutamyltransferase; HbA1c,
glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; HOMA-IR,
homeostasis model assessment-insulin resistance; LDL-C, low-density lipoprotein
cholesterol; OHA, oral hypoglycemic agent; SBP, systolic blood pressure; TC, total
cholesterol; TG, triglycerides; WC, waist circumference.
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TABLE 2 | Adjusted odds ratios (ORs) of diabetic retinopathy according to quartiles of plasma growth differentiation factor 15 (GDF-15) levels.

GDF15 P for trend

Q1 Q2 Q3 Q4
n = 100 n = 101 n = 101 n = 100

Model 1 OR (95% CI) 1.00 1.54 (1.16–2.03) 1.72 (1.31–2.26) 2.61 (1.99–3.40) <0.001
Model 2 OR (95% CI) 1.00 1.50 (1.13–1.98) 1.64 (1.25–2.17) 2.30 (1.75–3.01) <0.001
Model 3 OR (95% CI) 1.00 1.47 (1.11–1.95) 1.59 (1.21–2.10) 2.20 (1.67–2.89) <0.001
Model 4 OR (95% CI) 1.00 1.46 (1.08–1.98) 1.58 (1.15–2.16) 2.15 (1.53–3.02) <0.001
Frontiers in Endocrinology | www.fro
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Model 1 was adjusted for age, gender, smoking, alcohol drinking, educational attainment, and physical activity. Model 2 was further adjusted for BMI and waist circumference. Model 3 was
further adjusted for CRP, adiponectin, HOMA-IR, and liver enzymes. Model 4 was further adjusted for duration, FPG, eGFR, Cr, and ACR. Q, quartile. The quartile ranges of Q1, Q2, Q3,
and Q4 of plasma GDF-15 level were <96.5, 96.5–141.7, 141.8–210.3, and >210.3 pg/ml, respectively. Q1 is the reference group. Multivariate logistic regression models were used to
estimate the odds ratios (ORs) with corresponding 95% confidence intervals (CIs) for diabetic retinopathy.
FIGURE 2 | Correlations between GDF-15 and clinical characteristics. The values in the cell represent the correlation coefficients based on spearman correlation.
*P < 0.05; †P < 0.001; ‡P < 0.0001.
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This study establishes the association between DR and GDF-
15 in type 2 diabetes. There are several limitations to this study.
First, due to the cross-sectional nature of the present study, we
could not determine whether GDF-15 plays a causal role in the
pathogenesis of DR. Accordingly, prospective studies in the
future are of vital importance. Second, plasma GDF-15 levels
may vary among different populations, and it is unclear how local
and ocular factors can influence DR. Third, the sample size was
relatively small. Further studies are also required to determine
the GDF-15 levels in a larger population. Moreover, VEGF levels
in patients with type 2 diabetes may be associated with the
development of DR. However, due to the limitations in the study
design, we did not measure VEGF levels in the patients. Lastly,
given the limited number of study participants with PDR (n = 2),
we did not analyze the differences in GDF-15 levels between PDR
and NPDR. Based on a previous study (39), PDR was combined
with severe NPDR in our study to give the vision-threatening DR
(VTDR) group. There is therefore need to investigate the
differences between PDR and NPDR.

In conclusion, the results from our study suggest that there is
a significant and independent association between the increased
plasma levels of GDF-15 and DR. Future prospective studies with
greater numbers of patients should be done to provide a link
between increased circulating plasma GDF-15 concentration and
the severity of DR.
FIGURE 4 | Stratified analyses of the associations [odds ratio (95% confidence interval)] between plasma GDF-15 levels (per 50 pg/ml increment) and DR. Model
was adjusted for age, gender, smoking, drinking, physical activity, education status, BMI, waist circumference, CRP, adiponectin, HOMA-IR, liver enzymes, duration,
FPG, eGFR, Cr, and ACR. Subgroup variable was excluded from the model.
FIGURE 3 | Plasma GDF-15 levels on a continuous scale and the presence
of DR. The solid line represents the odds ratio (OR) and the gray area
represents the 95% confidence interval (CI). Model was adjusted for age,
gender, smoking, drinking, physical activity, educational attainment, BMI,
waist circumference, CRP, adiponectin, HOMA-IR, liver enzymes, duration,
FPG, eGFR, Cr, and ACR.
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Purpose: To construct a proper model to screen for diabetic retinopathy (DR) with
the RETeval.

Method: This was a cross-sectional study. Two hundred thirty-two diabetic patients and
seventy controls were recruited. The DR risk assessment protocol was performed to
obtain subjects’ DR risk score using the RETeval. Afterwards, the receiver operating
characteristic (ROC) curve was used to determine the best cutoff for diagnosing DR.
Random forest and decision tree models were constructed.

Results:With increasing DR severity, the DR score gradually increased. When the DR score
was used to diagnose DR, the ROC curve had an area under the curve of 0.881 (95%
confidence interval: 0.836-0.927, P < 0.001), with a best cutoff value of 22.95, a sensitivity of
74.3% (95 CI: 66.0%~82.6%), and a specificity of 90.6% (95 CI: 83.7%~94.8%). The top four
risk factors selected by the random forest were used to construct the decision tree for
diagnosing DR, which had a sensitivity of 93.3% (95% CI: 86.3%~97.0%) and a specificity of
80.3% (95% CI: 72.1% ~86.6%).

Conclusions: The DR risk assessment protocol combined with the decision tree model
was innovatively used to evaluate the risk of DR, improving the sensitivity of diagnosis,
which makes this method more suitable than the current protocol for DR screening.

Keywords: diabetic retinopathy, electroretinogram, diagnostic model, risk factor, decision tree
INTRODUCTION

Diabetic retinopathy (DR) is a serious chronic complications of diabetes mellitus (DM), and it is the
main cause of sight loss among the working population worldwide (1). With the continuously
increasing prevalence of diabetes in recent years (2), early diagnosis and treatment of DR has
become increasingly important. China has the largest population of diabetes patients in the world
(3), and the prevalence of DR in rural areas with insufficient medical resources is higher than that
in urban areas (4). At present, the diagnostic methods of DR mainly rely on professional
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ophthalmologists. In primary medical institutions, such as
community hospitals, where there is a lack of professional
ophthalmologists and examination equipment, it is difficult to
conduct professional eye examinations, which also makes clinical
follow-up more difficult.

In the past few years, there has been increasing evidence that
neurodegenerative changes in diabetic patients occur during
preclinical DR (before microvascular changes occur) (5, 6).
However, traditional flash electroretinogram (FERG) devices
and multifocal electroretinogram (mfERG) devices are time
consuming to use. In addition, traditional electroretinogram
devices require pupil dilation, the use of invasive corneal
electrodes, and professional analyses (7, 8), which greatly
reduce the efficiency of the device. The advent of the RETeval,
a hand-held ERG device, has made it much easier to make
general judgments about retinal function in the community and
to perform initial DR screening. The RETeval (LKC Tech. Inc.,
Gaithersburg, MD, USA) is a small, handheld FERG-recording
device that uses special skin electrodes to capture ERGs. The
device can perform a FERG test without pupil dilation
noninvasively and quickly. Traditional FERG and mfERG
reports have no intuitive judgment criteria and need
professional interpretation. The DR risk assessment protocol of
the device calculates the implicit time, amplitude, and pupillary
response of flicker ERGs at 30 Hz to obtain a DR risk score.
Compared to traditional ERG examinations, DR screening, even
by nonprofessionals in primary care settings, can reduce
subjective errors and make it more feasible. This device has
been effective in studies of ERG in diabetic retinopathy (9–11)
and has good reproducibility (12), but it has a high misdiagnosis
rate in early DR screening when using the device directly. In
addition, there may be differences among different races. The
purposes of this study were to find the appropriate diagnostic
threshold in South Chinese diabetic patients and to establish a
simple and effective screening model, so as to popularize the
screening for DRin the community. The risk factors from its use
were also assessed.
METHODS

Subjects
This was a cross-sectional observational study. The study
adhered to the tenets of the Declaration of Helsinki and was
approved by the research ethics committee of Sun Yat-sen
Memorial Hospital, Sun Yat-sen University. Two hundred
thirty-two patients with type 2 diabetes mellitus (T2DM)
recruited from the DM center between March 2019 and
January 2020 and seventy healthy controls were included in
the study. All were ethnically Chinese, mostly from southern
China. DR stages were determined according to the criteria
published by the ADA in 2017 (13). A randomly selected eye
was included from each healthy, no-DR (NDR) control patient
and each DR patient with the same DR stage in both eyes, while
the worst eye was selected if the patient had uneven DR severity
in the two eyes. Vision-threatening diabetic retinopathy (VTDR)
Frontiers in Endocrinology | www.frontiersin.org 216
was defined as severe nonproliferative diabetic retinopathy
(NPDR), proliferative diabetic retinopathy (PDR), or clinically
significant macular edema (CSME) with any stage of DR. The
diagnosis of CSME was based on slit lamp fundus examination,
fundus photography, and optical coherence tomography (OCT)
examination and was defined as: (1) retinal thickening within
500 mm of the macular fovea, (2) macular fovea showing hard
exudation within 500 mm and related to the thickening of the
adjacent retina, or (3) retinal thickening in one or more places ≥1
papilla diameter and distance from macular fovea <1 papilla
diameter. The exclusion criteria were as follows: (1) eye diseases
such as glaucoma, uveitis, spherical equivalent >6 diopters, etc.;
(2) ocular trauma or ocular surgical history (including retinal
photocoagulation and intravitreal injection); (3) craniocerebral
trauma or surgeries and ischemic diseases; (4) acute kidney
disease or malignant hypertension; (5) photosensitive epilepsy;
and (6) opaque refractive media or an ungradable fundus.

All subjects underwent a detailed ocular examination, including
LogMAR best-corrected visual acuity (BCVA), noncontact
tonometer intraocular pressure (IOP) (NIDEK, Inc., Aichi, Japan),
axial lengths (by the IOLmaster, Zeiss, Inc., Jena, Germany), fundus
photography (Canon, Inc., Tokyo, Japan), optical coherence
tomography (OCT), and mydriatic slit-lamp fundus examination.
The OCT examination was performed with the RTVue XR Avanti
device (Optovue, Inc., Fremont, CA, USA) in 6.0×6.0 mm B-Scan
mode after mydriasis. The stage of DR was confirmed by two
experienced ophthalmologists according to the results of slit-lamp
fundus examination, color fundus photographs, OCT, and fundus
fluorescein angiography (FFA, Microclear, Inc., Suzhou, China) in
suspected PDR patients. FFA images were collected as 9-field 60°
fundus photographs after mydriasis. Age, sex, DM duration,
glycosylated hemoglobin (HbA1c) levels, and body mass index
(BMI) were collected. Moreover, the presence of systemic diseases,
including high blood pressure(HBP), impaired renal function (IRF),
dyslipidemia, and diabetic complications, including diabetic
peripheral neuropathy (DPN), diabetic peripheral vasculopathy
(DPV), and diabetic foot, was also recorded. IRF was defined as:
(1) a history of chronic kidney diseases or diabetic nephropathy,
(2) estimated glomerular filtration rate (eGFR) <60 ml/min/
1.73 m2, (3) urinary albumin:creatinine ratio >30 mg/g for more
than 3months, and (4) need for a renal biopsy in suspected patients.
eGFR was calculated from serum creatinine according to the
Xiangya equation (14). All the above indexes were classified as
dichotomous variables (Yes/No) based on the presence or absence
of diseases or dysfunctions. A diagnosis of hypertension (>130/80
mmHg) was made according to associated guidelines updated in
2017 by the American College of Cardiology/American Heart
Association (ACC/AHA) (15).

FERG Examination
The FERG examination was performed by the RETeval. Special
skin electrodes of the RETeval device and the nondilated pupil
mode of the DR risk assessment protocol were used for
examination. The DR risk assessment protocol of the device
was provided by the manufacturer. The original calculation
method was established based on multiperson research by Maa
et al. to screen VTDR (9). A 30-Hz flicker ERG, as set in the
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Deng et al. Diabetic Retinopathy Screening Model
electrophysiological standard by the International Society for
Clinical Electrophysiology of Vision (ISCEV) (8), was used to
observe the cone cell response. The time delay (implicit time)
between the stimulus and the peak electrical response, as
well as the peak-to-peak amplitude of the electrical response,
was recorded after the scintillation photostimulus was
administered. The device provides fixed retinal illuminating
(Td-s) stimulation by adjusting brightness (cd-s/m2); therefore,
FERG can be recorded without dilated pupils to compensate for
changes in pupil area (mm2) (16). A flashing white-light stimulus
is made up of brief (< 5 ms) flashes from red, green, and blue
LEDs at a frequency of 28.3 Hz with a background light of 0 Td-s.
After it recorded the implicit time and amplitude of 16 Td-s and
32 Td-s flashes, as well as the pupil area ratio between 4 Td-s and
32 Td-s flashes, it generated a report including the parameters
above and a DR risk assessment score (called DR score)
calculated from them for each eye. The default normal value
range is 7-19.9, and a DR score greater than or equal to 20
suggests a high risk of VTDR.

Statistical Analysis
The comparative analysis of data was done with SPSS 25.0 (SPSS
Inc. Chicago, IL, USA), a commercial statistical program. One-
way ANOVA was used to analyze the numerical variables among
the groups, and Bonferroni’s post hoc analysis was applied to
evaluate statistical significance. Categorical variables were
analyzed by the chi-square test. In all diabetic patients (DM
with no DR, NPDR, or PDR), the receiver operating
characteristic (ROC) curve to screen DR or VTDR was
constructed by using the DR score and the stages of DR, and
the area under the curve (AUC) was determined. The sensitivity
and specificity were obtained according to the ROC curve, and
the optimal diagnostic cutoff point was obtained by using the
maximum value of the Youden index (YI= sensitivity +
specificity -1). The significance levels of all the above statistical
tests were set at 0.05.

R software (http://www.r-project.org) was used to analyze the
risk factors and construct the DR screening model. The
randomforest package was applied to analyze the risk factors
and build the random forest. The mean decrease Gini (MDG)
obtained by randomforest indicated the correlation between
various factors and DR, in which a larger MDG of the factor
meant a greater influence on DR. The out-of-bag (OOB) error
estimate, which was computed by the OBB classifier on the
training set, was as accurate as the error rate obtained by using
the test set with the same size as the training set and let us avoid
creating a separate set of tests. The Rpart package of R software
was applied to obtain a decision tree. A decision tree is a
nonlinear discriminant method that can divide the sample into
subgroups. In the current model, the target variable was whether
DR or VTDR was present. Starting at the root, the data were
divided into two groups at each node according to whether the
most correlated factors met the criteria. The process was then
repeated for each node until all subjects were assigned to either a
high-risk or a low-risk group. The confidence intervals of the
ROC curves and decision trees were calculated by the efficient-
score method (17).
Frontiers in Endocrinology | www.frontiersin.org 317
RESULT

Subject Characteristics
Two hundred thirty-two eyes of 232 T2DM subjects (127 NDR
and 105 DR) and seventy eyes of 70 matched healthy controls
were included in this study. There were no significant
differences in age or sex among the three groups. Compared
with the NDR group, the patients in the DR group had a longer
course of diabetes, a higher level of glycosylated hemoglobin,
and a higher prevalence of HBP, IRF, diabetic foot, and DPN
(P < 0.05), while there was no significant difference between the
two groups in terms of dyslipidemia and DPV. BCVA showed
no significant difference between the healthy control group and
the NDR group, while visual acuity decreased significantly in
the DR group compared with the controls and the NDR group
(P < 0.001). There was no significant difference in the ocular
axis or IOP among the three groups. Details are given in
Table 1.

FERG Findings
The features of FERG at each stage of DR are shown in Figure 1.
In this study, as DR severity increased, the amplitude of ERG
gradually decreased, the implicit time gradually extended, and
the pupillary response gradually deteriorated. The details and
comparison of the parameters in the DR assessment protocol are
shown in Table 2. The DR score increased successively from the
healthy control group to the NDR group to the DR group
(18.35 ± 2.56 in the healthy control group, 19.74 ± 2.69 in the
NDR group and 28.37 ± 6.43 in the DR group). The implicit
time of 16Td-s and 32Td-s grew successively longer from the
healthy control group to the NDR group to the DR group. The
amplitudes of 16Td-s and 32Td-s and the pupillary area were
decreased from the healthy control group to the NDR group to
the DR group. Between the healthy control group and NDR
group, only the amplitudes of 16Td-s and 32Td-s flashes were
significantly different (P=0.001), while there was no significant
difference in DR score, latency, or pupil response between the
two groups (P > 0.05). All values showed statistically significant
differences between the healthy control group and DR group and
between the NDR and DR groups (P < 0.05). As shown in
Figure 2, when all DM patients were divided into no-DR, mild
NPDR, moderate NPDR, mild/moderate NPDR with CSME,
severe NPDR, and PDR groups, the DR score tended to
increase with the progression of DR.

ROC Curves
In all diabetic patients (NDR and DR), the ROC curves for
detecting DR and VTDR using the DR score are shown in
Figure 3. To screen for DR, the area under the ROC curve
(AUC) was 0.881 (95% confidence interval (CI) 0.836-0.927,
P < 0.001), and the optimal cutoff value was 22.95, with a
sensitivity of 74.3% (95 CI: 66.0%~82.6%), a specificity of 90.6%
(95 CI: 83.7% ~94.8%), and a YI of 0.648. If the default
threshold of 20.0 of the DR risk assessment protocol were
used to diagnose DR, the sensitivity would be 87.6% (95 CI:
79.4% ~93.0%), with a specificity of 48.8% (95 CI: 39.9%
~57.8%), and a YI of 0.364. When detecting VTDR using the
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DR score, the AUC was 0.972 (95% CI: 0.954-0.991, P < 0.001)
with the best threshold of 26.45, a sensitivity of 95.7% (95% CI:
84.3% ~99.3%), a specificity of 93.5% (95% CI: 88.7% ~96.5%),
and a YI of 0.894.

Random Forest
Figure 4 demonstrates the random forest map based on the
presence of DR and the DR score, as well as the related risk
factors mentioned above. Red dots represent DR subjects, blue
dots represent NDR subjects, and the OOB estimate of the
error rate is 4.74%. Figure 5 shows the MDG values of the
factors. The top several were DR score (36.05), BCVA (23.21),
duration of DM (15.14), HbA1c (14.58), BMI (9.13), and
IRF (3.06), while the MDG values of the other indexes (gender,
HBP, dyslipidemia, diabetic foot, DPV, and DPN) were less
than 3.
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Decision Trees
When the decision trees were constructed, the 232 eyes of
the DM patients were divided into 160 eyes for the training
set (approximately 7/10) and 72 eyes for the test set
(approximately 3/10). Figures 6 and 7 show the decision trees
of DR and VTDR, respectively, decided by only the DR score
using the training set. In the simple model for DR, it had a
sensitivity of 70.6% (95% CI:52.3%~84.2%) in the training
set and 72.4% (95% CI:62.6%~80.4%) in the test set, and a
specificity of 92.1% (95% CI:77.5%~97.9%) in the training set
and 91.3% (95% CI:84.6%~95.4%) in the test set. For VTDR,
the simple decision tree had a sensitivity of 100.0% (95% CI:85.0%
~100.0%) in the training set and 100.0% (95% CI:79.1%~100.0%)
in the test set, and a specificity of 94.6%(95% CI:89.0%~97.7%)
in the training set and 92.5%(95% CI:80.9%~97.6%) in the
test set.
A B C D E

FIGURE 1 | The representative 30Hz flicker ERG performances and pupil diameter ratios of control (A), no DR (B), mild NPDR (C), moderate-severe NPDR (D), and
PDR (E).
TABLE 1 | Subject characteristics.

Group Controls NDR DR P VALUE

(n=70) (n=127) (n=105) Controls vs NDR Controls vs DR NDR vs DR

Genger (M/F) 36/34 77/50 67/38 c2 = 2.770,P =0.250
Age (Year) 54.24 ± 9.55 55.73 ± 12.97 57.37 ± 8.39 1.0 0.186 0.739
BMI (kg/m2) NA 24.79 ± 3.49 23.96 ± 3.17 NA NA 0.06
HbAlc% NA 8.40 ± 2.06 9.69 ± 2.44 NA NA <0.001*
Duration of DM (Year) NA 7.36 ± 6.78 11.32 ± 5.84 NA NA <0.001*
HBP (YES/NO) NA 64/63 68/37 NA c2 = 4.839,P=0.028*
IRF (YES/NO) NA 25/102 51/54 NA c2 = 21.774,P<0.001*
Diabetic Foot (YES/NO) NA 2/125 12/93 NA c2 = 9.842,P=0.002*
DPV (YES/NO) NA 55/72 49/56 NA c2 = 0.262,P=0.609
DPN (YES/NO) NA 58/69 74/31 NA c2 = 14.423,P<0.001*
Dyslipidemia (YES/NO) NA 62/65 54/51 NA c2 = 0.157,P=0.692
Axial length (mm) 23.28 ± 1.00 23.70 ± 1.23 23.31 ± 0.76 0.231 1.0 0.101
IOP (mmHg) 14.97 ± 2.36 15.01 ± 2.58 16.00 ± 3.81 1.0 0.315 0.193
BCVA (Logmar) -0.03 ± 0.11 -0.03 ± 0.06 0.31 ± 0.39 1.0 <0.001* <0.001*
Ap
ril 2021 | Volume 12 | A
NDR, no diabetic retinopathy; DR, diabetic retinopathy; M, male; F, female; BMI, body mass index; HBP, high blood pressure; IRF, impaired renal function; DPV, diabetic peripheral
vasculopathy; DPN, diabetic peripheral neuropathy; IOP, intraocular pressure; BCVA, best-corrected visual acuity.
*Statistically significant.
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Figure 8 displays the decision rules of the factor-combined
decision tree for detecting DR using the training set. The top
several factors (DR score, BCVA, duration of DM, HbA1c%,
BMI, and IRF) obtained from the random forest were included in
the Rpart package, and DR score, BCVA, duration of DM, and
HbA1c% were selected by the program to build the decision tree.
Tables 3–5 show the results of DR screening in the training set,
the test set, and the summation, respectively, of which display the
comparison of the factors-combined model and the DR score-only
model. Adding up the results, the decision tree with risk factors to
detect DR had a sensitivity of 93.3% (95% CI: 86.3%~97.0%) and a
specificity of 80.3% (95% CI: 72.1% ~86.6%), while the DR-score-
only model had a sensitivity of 72.4% (95% CI: 62.6%~80.4%) and a
specificity of 91.3% (95% CI: 84.6%~95.4%).
DISCUSSION

In this study, with the progression of DR, DR scores gradually
increased, with longer implicit times and decreased amplitudes
of 30-Hz flicker ERG, as well as worse pupil responses. Previous
studies on DR assessment protocols have shown the same trend
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(9, 11, 18). Changes in flicker ERG at 30 Hz were associated with
the severity of DR. When DR progresses with increased retinal
ischemia, apoptosis of retinal cells, especially ganglion cells (19),
leads to impaired retinal function, which induces a prolonged
implicit time and a decreased amplitude (20). The speed and
amplitude of pupillary contraction after light stimulation
decreases with increasing DR severity, and an impaired
pupillary dilatation and light reflex response in diabetes, may
be due to sympathetic neuropathy or parasympathetic
dysfunction (21). When the pupil is not artificially dilated, it
can act as an independent indicator of the severity of DR (9).

Although the DR score showed no significant difference
between the healthy control and NDR groups, we believe that
the decreased amplitudes of 16Td-s and 32Td-s flicker stimuli
suggested that functional impairment may have occurred before
identifiable retinopathy appeared in the diabetes patients. Zeng’s
research showed that NDR patients had a lower amplitude and
longer implicit time than healthy people by 30-Hz flicker ERG
(22), while Tyrberg’s study showed only a longer implicit time
(23). In Fukuo’s studies, both the amplitude and implicit time of
8Td-s flash were not significantly different between the healthy
control group and the NDR group (10), which we suspect may be
related to the weaker intensity of light stimulation (24). The
results of animal experiments have also varied (25, 26). The 30-
Hz flicker ERG is the response of the cones (8), where the density
of cone cells in the macular fovea is higher (27); therefore, only if
the entire retina or the macula is involved, there is a significant
change. In other words, if the macula is involved, the test
becomes more sensitive and helpful to evaluate the
effectiveness of treatment (28). In addition, traditional ERG
examinations required dark adaptation (8) and were time
consuming, while a 30-Hz flicker ERG check can be done in a
few minutes.

In this study, compared with the use of the RETeval to
diagnose any DR, the sensitivity and specificity for detecting
VTDR were increased, which suggested that its diagnostic value
in early DR is not as good as that in a more serious stage of DR.
Previous studies have shown the same trend. In Fukuo’s studies,
the sensitivity and specificity of the optimal cutoff point for
any DR diagnosis were 0.70 and 0.81, while the sensitivity
and specificity for the diagnosis of severe NPDR were 0.85 and
0.85, respectively (10). In Zeng’s research, the sensitivity and
specificity for any DR were 80.2% and 81.7%, respectively,
FIGURE 2 | Mean DR score in various stages of DR. NDR, no diabetic
retinopathy; NPDR, non-proliferative diabetic retinopthy; Mi/Mo NPDR,
mild or moderate non-proliferative diabetic retinopthy; PDR, proliferative
diabetic retinopthy.
TABLE 2 | Parameters of the DR risk assessment protocol.

Group Controls NDR DR P VALUE

(n=70) (n=127) (n=105) Controls vs NDR Controls vs DR NDR vs DR

DR score 18.35 ± 2.56 19.74 ± 2.69 28.37 ± 6.43 0.099 <0.001* <0.001*
16 Td-s implicit time(ms) 28.71 ± 1.46 29.66 ± 2.19 35.28 ± 4.73 0.305 <0.001* <0.001*
16 Td-s amplitude(mV) 19.81 ± 4.96 16.04 ± 6.61 10.39 ± 5.44 0.001* <0.001* <0.001*
32 Td-s implicit time(ms) 27.64 ± 1.22 28.53 ± 1.83 34.37 ± 4.90 0.359 <0.001* <0.001*
32 Td-s amplitude(mV) 23.56 ± 5.46 19.08 ± 7.57 12.55 ± 6.10 0.001* <0.001* 0.001*
Pupil area ratio 2.01 ± 0.39 1.91 ± 0.48 1.53 ± 0.29 0.440 <0.001* <0.001*
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ril 2021 | Volume 12 | A
NDR, no diabetic retinopathy; DR, diabetic retinopathy.
*Statistically significant.
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while the sensitivity and specificity for VTDR were 94.6% and
88.8%, respectively (18). Therefore, more information should be
used to assess a patient’s fundus. A random forest model was
introduced for the first time to analyze the DM and DR-related
risk factors of patients. A random forest with a low classification
error rate (OBB error estimate=4.74%) was established. The
sensitivity of the decision tree model combined with the top
several risk factors (DR SCORE, BCVA, duration of DM, and
Frontiers in Endocrinology | www.frontiersin.org 620
HbA1c%) calculated by the random forest model can also offer
an improvement. In this way, we can get an overall impression of
DM patients by performing RETeval and obtain some simple
indexes, such as best corrected visual acuity, diabetes course, and
the level of blood glucose, which are effective and useful,
especially in community and clinical follow-ups. Given the
18.45%–23% prevalence of DR in Chinese diabetes patients
(29, 30), we assumed there are 200 DR patients out of 1000
diabetes subjects. If we used the best cutoff of 22.95 obtained
from the ROC curve of this study to screen for DR, 149 patients
FIGURE 4 | The random forest map for diabetic retinopathy detection.
A B

FIGURE 3 | The ROC curve for DR score to detect DR (A) and VTDR (B).
FIGURE 5 | The mean decrease gini values of DR- related factors. BCVA,
best-corrected visual acuity; BMI, body mass index; HBP, high blood
pressure; IRF, impaired renal function; DPV, diabetic peripheral vasculopathy;
DPN, diabetic peripheral neuropathy.
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would be screened out, and 51 patients would be missed. At the
same time, 725 of the 800 patients with no DR were considered
low risk for DR, and 75 were considered high risk for DR. In
conclusion, the positive predictive value and negative predictive
value of DR screening using the DR score alone were 66.5% and
93.4%, respectively. Similarly, the positive predictive value and
negative predictive value of VTDR screened by DR score were
78.6% and 98.8%, respectively, and the positive predictive value
and negative predictive value of the decision tree model
combining several risk factors were 54.2% and 98.0%,
respectively. The model combining risk factors increased the
number of patients who were misidentified as high risk by 83, but
it also reduced the number of missed diagnoses by 38.

In the current study, the top several factors related to DR
arranged according to the MDG value were, respectively, DR score
(36.05), BCVA (23.21), duration of DM (15.14), HbA1c (14.58), and
Frontiers in Endocrinology | www.frontiersin.org 721
BMI (9.13). The MDG values of other indexes (IRF, sex, HBP,
dyslipidemia, diabetic foot, DPV, and DPN) were around or less
than 3. Previous studies have found that poorer blood glucose
control and longer diabetes duration are strongly associated with
DR (1, 31), and high blood glucose levels can lead to pericyte loss,
capillary occlusion, microangioma formation, and other problems
(32). With the increase in the duration of diabetes, the deterioration
of retinal function might be correlated with the increase in vascular
endothelial growth factor level (33). Van’s study showed that obesity
was associated with retinopathy, while others found no association
(34). Another study found that hypertension, dyslipidemia, vascular
risk factors, diabetic peripheral neuropathy, and renal function were
correlated with retinopathy (34–37), while this study found no such
associations. We suspect this discrepancy was related to the selection
of subjects and the sample size. In addition to the DR score, these
indicators (BCVA, duration of DM, and HbA1c) were also selected
to build a decision tree, suggesting that their correlation with DR
may be stronger. Therefore, diabetic patients should pay close
attention to the control of blood glucose and check whether there
is any change in BCVA, and patients with long diabetes durations
should be especially vigilant.

In China, no national DR screening system has been established,
and DR screening has not been carried out in most parts of China
(38). If not treated in time, DR will seriously impair vision, which
often creates great familial and socioeconomic burdens (39) and
eventually leads to blindness (1). The DR assessment protocol of the
RETeval detects abnormalities in retinal function that come from
diabetes and produces an objective DR risk score. The RETeval can
be operated and read through simple training without specialized
ophthalmologists. Moreover, ERG data can be documented for
pretreatment and posttreatment follow-ups (40). At present, it
is generally believed that, compared with fundus photography and
optical coherence tomography, electrophysiological examinations in
cases of affected intraocular refractive media, such as cataracts and
vitreous hemorrhage, are more effective and can be used as
prognostic assessments of postoperative visual acuity (41, 42).
Although Miura’s study claimed that the device was affected by
cataracts (43, 44), Ratanapakorn’s study showed that the differences
were not statistically significant (45). In the current study, subjects
with other ocular diseases that may affect ERG results were also
excluded. However, these patients could also benefit from the device
if they could be directed to ophthalmic specialists after examination
by the device.

The current study and Mehmet’s study examined each eye to
generate a separate DR risk assessment report (11). Maa and Zeng
combined two-eye tests to produce a DR score (9, 15). We wanted
to detect DR monocularly to set the scope, rather than to assess the
overall risk of DR. Although most DR patients follow the principle
of binocular congruence, and using both eyes can assess the risk of
DR as a whole, we still found many DR patients; 18.1% (19/105) of
DR subjects in this study had unequal severities of DR in two eyes,
and seven patients had only the worst eye reach the level of VTDR,
which needed further treatment soon. The use of binocular grading
does not reflect each eye alone, and for patients with only one eye, it
is necessary to evaluate one eye separately. The purposes of the two
examination modes are different. Therefore, compared with Maa’s
FIGURE 6 | Decision tree for detecting DR using only DR score.
FIGURE 7 | Decision tree for detecting VTDR using only DR score.
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FIGURE 8 | Decision tree for detecting diabetic retinopathy using DR score combined with several factors. The subsets in ellipses means the classification had not
been completed, while the subsets in the boxes mean completed. Subsets in “DR” boxes mean “ high risk of DR”, while “NDR” subsets mean “low risk of DR”. The
numbers in every subset mean “true DR subjects/true NDR subjects”. For example, the first box in the upper left corner means 60 subjects were considered to be at
high risk for DR, of which 52 were true cases of DR and eight were actually NDR subjects. For the last box, it means 68 subjects were considered to be at low risk
for DR, of which three were actually cases of DR and 65 were true NDR subjects.
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TABLE 3 | The classification results of the train sets for screening DR.

True value Predicted value sensitivity specificity

case control

Factor-combined model case 67 4 94.4% (95% CI:85.5%~98.2%) 82.0% (95% CI:72.1%~89.1%)
control 16 73

DR score only model case 52 19 73.2% (95% CI:61.2%~82.7%) 91.0% (95% CI:82.6%~95.8%)
control 8 81
Frontiers in Endocrinology | www.
frontiersin.org
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TABLE 4 | The classification results of the test sets for screening DR.

True value Predicted value sensitivity specificity

case control

Factor-combined model case 31 3 91.2% (95% CI:75.2%~97.7%) 76.3% (95% CI:59.34%~88.0%)
control 9 29

DR score only model case 24 10 70.6% (95% CI:52.3%~84.2%) 92.1% (95% CI:77.5%~97.9%)
control 3 35
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study (sensitivity of 83% and specificity of 78%) (9) and Zeng’s
study (sensitivity of 94.6% and specificity of 88.8%) (15), ours may
be more sensitive (96.1%) in detecting VTDR. Therefore, it is
necessary to further optimize techniques, correct algorithms, or
combine this method with other factors or devices to reduce
classification mistakes.

We found that the mean DR scores in this study were higher
than those of previous studies. Maa’s study was primarily in
Caucasian and African subjects, with a best cutoff of 20.0 for
screening VTDR (9). In Mehmet’s study, Turkish subjects were
selected, and the best cutoff for screening moderate NPDR or
more severe DR was 22 (11). Previous studies showed that the
amplitudes of people with light-colored choroids were higher
than those with dark pigmentation (46). All of our subjects were
Chinese, and had dark-colored choroids, which might lead to a
decrease in amplitude (47). This would be related to increased
resistance associated withmelanin or reduced effective illumination
of the retina, thus reducing ERG amplitude (47, 48). Moreover,
the worst eyes were selected, which meant lower amplitudes,
prolonged implicit times, and poorer pupil responses. In
addition, the higher DR scores in our study may be related to
the poor blood glucose control of the subjects (mean HbA1c% of
8.40 in NDR subjects, mean HbA1c% of 9.69 in DR subjects) (31,
32), who were recruited from a DM center. Therefore, it is
recommended that each examination room establish its own
normal range and reference boundaries due to the differences
between races, regions, and instruments (8).

Limitations
Due to the small sample size and uneven group distribution, the ROC
curve, random forest, and decision tree for DR detection may have
been deficient. In addition, there was no detailed classification of
systemic diseases or risk factors, and some indexes, such as diabetic
foot, may have been undervalued due to the small number of subjects.
In the future, more factors and more detailed classifications, such as
IRF and HBP classifications, may be included to make the model
more complete and thereby lower the misdiagnosis rate.
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Conclusion
The DR risk assessment protocol using the RETeval can be used
for DR screening, but there is a relatively high missed diagnosis
rate in the early stages of DR. In this study, FERG combined with
the decision tree model was innovatively used to evaluate the risk
of DR and improve the sensitivity of the protocol, which would
be more suitable for DR screening.
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Aims: To establish the sequential changes by glycemic control in the mean thickness,
volume and reflectance of the macular photoreceptor layers (MPRLs) and retinal pigment
epithelium in patients with type 2 diabetes without diabetic retinopathy.

Methods: Thirty-one poorly controlled (HbA1c > 8.0%) patients with type 2 diabetes
without diabetic retinopathy undergoing glycemic control and 39 control subjects with
normal HbA1c levels (< 5.9%) underwent periodical full medical, neurological and
ophthalmological examinations over 2 years. Glycemic variability was evaluated by
standard deviation and coefficient of variation of monthly measured HbA1c levels and
casual plasma glucose. 3D swept source-optical coherence tomography (OCT) and OCT-
Explorer-generated enface thickness, volume and reflectance images for 9 subfields
defined by Early Treatment Diabetic Retinopathy Study of 4 MPRLs {outer nuclear layer,
ellipsoid zone, photoreceptor outer segment (PROS) and interdigitation zone} and retinal
pigment epithelium were acquired every 3 months.

Results: Glycemic control sequentially restored the thickness and volume at 6, 4 and 5
subfields of outer nuclear layer, ellipsoid zone and PROS, respectively. The thickness and
volume of outer nuclear layer were restored related to the decrease in HbA1c and casual
plasma glucose levels, but not related to glycemic variability and neurological tests. The
reflectance of MPRLs and retinal pigment epithelium in patients was marginally weaker
than controls, and further decreased at 6 or 15 months during glycemic control. The
reduction at 6 months coincided with high HbA1c levels.

Conclusion:Glycemic control sequentially restored the someMPRL thickness, especially
of outer nuclear layer. In contrast, high glucose during glycemic control decreased
reflectance and may lead to the development of diabetic retinopathy induced by
glycemic control. The repeated OCT examinations can clarify the benefit and hazard of
glycemic control to the diabetic retinopathy.

Keywords: macular photoreceptor layers, retinal pigment epithelium, enface optical coherence tomography,
glycemic control, type 2 diabetes, microvascular complications, diabetic neuropathy, diabetic retinopatathy
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INTRODUCTION

Diabetic retinopathy, the leading cause of blindness in working-age
individuals has been viewed traditionally as a microvascular
complication in diabetes. Indeed, the clinical classification system
for diabetic retinopathy is based solely on the changes in the retinal
microvasculature, because the microvasculature is visible using the
routine fundus imaging. The advent of the high-resolution
spectral-domain and swept-source-optical coherence tomography
(OCT) and image segmentation algorithms permit depth-resolved
enface OCT imaging for viewing the retinal layers in the coronal
plane, enabling to measure the metrics (spatial thickness, volume
and reflectance) of individual macular photoreceptor layers
(MPRLs) and retinal pigment epithelium (RPE) (1).

It has been shown that glycemic variability induces retinal
neurodegeneration in type 1 diabetes (2), but this has not been
studied in type 2 diabetes.

However, studies on the impact of diabetes on the metrics of
MPRLs and RPE using enface OCT had been cross-sectional (3)
and inconsistent (4, 5). Because the thickness of individual MPRLs,
except for outer nuclear layer (ONL), and RPE is < 20 μm, and
because OCT image quality depends on the instrument reliability
and measurement variability (6), the excellent OCT repeatability is
essential to measure the metrics of the individual layers of MPRLs
and RPE. We measured the metrics of RPE, because RPE has the
close functional and morphological relationship with MPRLs.

For evaluating the impact of glycemic control on the
structures of individual layers of MPRLs and RPE, the
sequential measurements during follow-up are necessary.
The sequential changes by glycemic control in the metrics of
individual MPRLs and RPE using enface OCT in diabetes had
never been studied.

The current study aimed to investigate the impact of glycemic
control and glycemic variability on the sequential changes in the
metrics of individual MPRLs and RPE in type 2 diabetic patients
without diabetic retinopathy using enface OCT.
SUBJECTS AND METHODS

Subjects
Thirty-one patients with type 2 diabetes under poor glycemic
control (HbA1c > 8.0%) at the baseline undergoing a subsequent
glycemic control, and 39 healthy gender- and age-matched
control subjects with normal HbA1c levels (HbA1c < 5.9%)
were studied. All subjects were enrolled at the period from
January 2016 to December 2017 at the Ishibashi Clinic,
Hiroshima Japan, and were followed up for 24 months. The
exclusion criteria of all subjects were as follows; best-corrected
visual acuity < 1.0, color blindness, diabetic retinopathy of any
grade, macular edema, glaucoma, history of intraocular disease,
Abbreviations: ANOVA, analysis of variance; CNF, corneal nerve fiber; CPPG,
casual postprandial plasma glucose; DPP4-I, dipeptidyl peptidase4-inhibitor;
ETDRS, Early Treatment Diabetic Retinopathy Study; MPRL, macular
photoreceptor layer; OCT, optical coherence tomography; ONL, outer nuclear
layer; PROS, photoreceptor outer segment; RPE, retinal pigment epithelium.
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refractive surgery, using hard contact lenses, neurodegenerative
diseases, and significant media opacities. Written informed
consent was obtained from all subjects based on the
Declaration of Helsinki. The ethics committee of the Ishibashi
Clinic approved the protocol of the present research.

Clinical and Laboratory Data
The BMI, blood pressure, casual postprandial plasma glucose
(CPPG), and HbA1c levels were measured monthly during the
terms of study in patients with type 2 diabetes, and at the baseline
and endpoint in control subjects. In patients, the standard
deviation and coefficient of variation of CPPG and HbA1c
levels over the whole follow-up period were calculated for
estimating glycemic variability. The serum lipid levels (LDL-
cholesterol, HDL-cholesterol and triglycerides), and urinary
creatinine and albumin levels were assessed every 3 months in
patients. An albumin-to-creatinine ratio > 30mg/g creatinine
twice a year was labeled as nephropathy (7).

Ophthalmic Examinations
The visual acuity was measured using the international type
visual acuity chart (Tsutsumi, Tokyo, Japan). The color vision
was assessed by the Ishihara color test. The bilateral fundus
images were captured (the field of assessment: 45°) without pupil
dilatation every 6 months for patients with type 2 diabetes, and at
the baseline and endpoint for control subjects.

Corneal Confocal Microscopy
All subjects were examined at the baseline and endpoint using a
Heidelberg Retina Tomograph III in vivo corneal confocal
microscope with Rostock Corneal Module (Heidelberg
Engineering, Heidelberg, Germany) (8). Six high-quality
images per subject from Bowman’s layer were captured for
quantifying the following corneal nerve fiber (CNF)
morphological parameters: 1) CNF density: total number of
major nerve fibers/mm2 of corneal tissue; 2) CNF length: total
length of all nerve fibers (mm/mm2); 3) corneal nerve branch
density: number of branches emanating from all major nerve
trunks/mm2; 4) beading frequency/0.1mm; and 5) bead size
(mm2) (9). Except for bead size, all measurements were
performed using ImageJ (Texelcraft, Tokyo, Japan). The
examiners and team members analyzing the images were all
blinded and masked to the study groups.

3D Swept-Source-OCT, Automated
Segmentation, Mean Thickness, Volume,
and Reflectance of MPRLs and RPE
The OCT images of the right eye were obtained every 3 months for
24 months using 3D swept-source-OCT (DRI OCT Triton,
Topcon Corp., Tokyo, Japan) for all subjects. Macula was
scanned using standard 6x6 mm protocol, in which 3D
acquisition consisted of 256 B-scan slices. Only the high-quality
images without artifact were included. The raw 256 jpg images
were exported to OCT-Explorer (image size; 512 x 992 x 256
voxels) (10) which automatically assess the segmentation, enface
thickness (Figure 1A), volume and reflectance images of the
following MPRLs {1) ONL, 2) ellipsoid zone, 3) photoreceptor
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Ishibashi et al. Glycemic Control Affects Photoreceptor Metrics
outer segment (PROS), 4) interdigitation zone} and RPE. The
layer-specific mean reflectance was evaluated for each layer and
each grid defined by the Early Treatment Diabetic Retinopathy
Study (ETDRS). The raw scanned data were interpreted as 16-bit
grayscale image, and reflectance was expressed in arbitrary unit
(0〜256). These metrics were assessed at the central, pericentral,
and peripheral rings with diameters of 1, 3, and 6 mm defined by
the ETDRS at the following 9 grids: central fovea, inner and outer
nasal, superior, temporal, and inferior grids (Figure 1B).

Assessment of Neuropathy and
Neurophysiological Examinations
The severity of the neuropathy and neurological deficits were
assessed using the modified neuropathy disability score (11)
which includes the evaluation of vibration, pin prick,
temperature perception and ankle reflexes to establish the
severity of neuropathy.

All subjects underwent neurophysiological examinations at
the baseline and endpoint. Electrophysiology and nerve
conduction velocity studies were performed using an
electromyography instrument (Neuropak S1, NIHON
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KOHDEN, Tokyo, Japan). The motor (median nerve) and
sensory (sural nerve) nerve conduction velocity, and their
action potential amplitudes were determined. The patients with
neuropathy disability score > 2 and sensory nerve conduction
velocity of the sural nerve < 42 m/s were labeled with neuropathy
based on the Toronto consensus (12) as previously reported (13).

The vibration perception threshold was measured at the left
medial malleolus using a biothesiometer (Biomedical
Instruments, Newbury, OH, USA). The warm and cold
perception thresholds at the dorsum of the foot were
determined using a thermal stimulator (Intercross-200,
Intercross Co., Tokyo, Japan). The autonomic neuropathy and
the cardiovagal function were assessed with the coefficient of
variation of R-R intervals which was calculated from the R-R
intervals of 200 samples on an electrocardiogram.

Statistical Analysis
The post hoc analysis of sample power using G power 3.1 (http://
gpower.software.informer.com/3.1/) revealed that the statistical
power provided by the present study population was 0.96〜1.00
for the interaction of the metrics of MPRLs and RPE using the
FIGURE 1 | (A) Enface thickness image generated by OCT-Explorer of control subject. The innermost layer was inner limiting membrane, and the outermost layer
was retinal pigment epithelium. (B) Three concentric circles of 1, 3, and 6 mm diameter and 9 Early Treatment Diabetic Retinopathy Study grids. (C) Representative
optical coherence tomography (OCT) image presenting the mean thickness of macular neuroretinal layers and retinal pigment epithelium in control subject visualized
by swept-source OCT and OCT-Explorer. CF, central fovea; EZ, ellipsoid zone; GCL, ganglion cell layer; II, inner inferior; IN, inner nasal; INL, inner nuclear layer; IPL,
inner plexiform layer; IS, inner superior; IT, inner temporal; IZ, interdigitation zone; OI, outer inferior; ON, outer nasal; ONL, outer nuclear layer; OPL, outer plexiform
layer; OS, outer superior; OT, outer temporal; PROS, photoreceptor outer segment; RNFL, retinal nerve fiber layer; RPE, retinal pigment epithelium.
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mixed analysis of variance (ANOVA) (significance of 0.05) and
0.83〜0.95 for the multiple regression analysis of the OCT
metrics. All statistical analyses were performed using the SPSS
(verion19, Chicago, IL, USA). All values are presented as the
mean ± standard error of the mean (SEM). All data sets were
tested for the normality using the Shapiro-Wilk test. For
normally distributed variables, the comparisons between
controls and patients with type 2 diabetes at the baseline or
endpoint were made by Student t-test for continuous variables
and the c²-test for categorical variables. For non-normally-
distributed continuous variables, Mann-Whitney’s U-test was
applied and c²-test for categorical variables. The differences
between baseline and endpoint in each cohort were assessed
using the paired t-test, and Wilcoxon signed-rank test for
normally and non-normally distributed continuous variables,
respectively, and c²-test and McNemar test for normally and
non-normally distributed categorical variables, respectively. The
longitudinal changes in the metrics of MPRLs and RPE were
estimated using a mixed ANOVA, which included 2 participant
groups as a between-subjects factor, 9-time points as a within-
subject factor and the OCT metrics as dependent variables. The
sphericity of the within-subjects factors for 2 cohorts was
estimated by Mauchly’s test. The degree of freedom was
adjusted by Greenhouse-Geisser correction for violations of the
sphericity assumption. The post hoc analyses were performed by
Bonferroni’s multiple comparison test. The correlations between
the changes in the OCT metrics at 9 ETDRS grids and
parameters of clinical factors, HbA1c, CPPG, or neurological
measures were assessed by the multiple regression analysis.
RESULTS

Demographic Data
Table 1 presents the summary of the demographic and clinical
results. Patients with type 2 diabetes and control subjects were
age- and gender-matched. At the baseline and endpoint the BMI,
systolic blood pressure, CPPG, and HbA1c levels in patients were
higher, and HDL-cholesterol was lower than controls. At the
baseline LDL-cholesterol, triglycerides and urinary albumin-to-
creatinine ratio in patients were higher than controls. During the
follow-up period, systolic and diastolic blood pressure, CPPG,
HbA1c levels, LDL-cholesterol, and estimated glomerular
filtration rate in patients were significantly decreased. The
insulin-sensitizing agent (6.5!58.1%) and dipeptidyl
peptidase-4 inhibitor (DPP4-I, 9.7!80.6%) were more
prescribed at the endpoint than baseline (Table 1).

HbA1c levels at baseline (10.3 ± 0.34%) was intensively
decreased to 7.0 ± 0.10% at 3 months with adequate speed (1.1%/
month). Thereafter, HbA1c levels were kept between 6.5%〜6.7%.

Neurophysiological and CNF Measures,
and Microvascular Complications
Neuropathy disability score, neurophysiological and CNF
measures at the baseline and endpoint in patients were altered
compared with controls. Glycemic control did not alleviate
Frontiers in Endocrinology | www.frontiersin.org 429
neurophysiological measures, while improving some CNF
measures. There was no diabetic retinopathy at the baseline
and no new incidences of retinopathy in patients with type 2
diabetes. Glycemic control in patients with type 2 diabetes
reduced the prevalence of neuropathy, but this did not reach
the statistical significance (p = 0.453) (Table 2).

The Mean Thickness at ETDRS Grids of
MPRLs and RPE
Figure 1C shows the representative image of the mean thickness
of neuroretinal layers and RPE in a control subject. Figure 2
compared the sequential changes in the mean thickness at 9
ETDRS grids of MPRLs and RPE between control subjects and
patients with type 2 diabetes undergoing glycemic control for 24
months. The thickness at 7 grids of ONL and at inner tempoal
grid at the baseline and 3 months in patients was thinner than
control. The thickness at 5 ONL grids in patients was
significantly increased from the baseline. The baseline
thickness at 4 grids of ellipsoid zone in patients was thinner
than controls, and glycemic control restored them to the control
levels at endpoint. Glycemic control increased the thickness at 5
PROS grids from the baseline. The thickness at 7 grids of
interdigitation zone and one RPE grid in patients was thinner
than controls. The glycemic control did not restore them
(Figure 2).

As the volumes at grids of MPRLs and RPE were
automatically determined by OCT-Explorer by multiplying the
mean thickness by the area of each ETDRS grids, changes in the
volume by glycemic control in patients were quite similar to
those in the mean thickness.

The Reflectance at ETDRS Grids of
MPRLs and RPE
In patients with type 2 diabetes, the reflectance at ONL grids at 6
or 15 months during glycemic control seems to decrease. The
reflectances at 6 ONL grids in patients were weaker than
controls. There was scarcely any group difference in the
reflectances of ellipsoid zone. In ellipsoid zone of patients the
reflectances at 3 grids were temporally decreased. In PROS of
patients the reflectances at 2 grids were weaker than controls, and
reflectances at 2 grids were temporally decreased. In patients, the
reflectances at 2 grids of interdigitation zone were weaker than
controls, and temporal decrease was found at one grid. At RPE of
patients the reflectances at 3 grids were weaker than controls.
The temporal decreases were seen at 2 grids. At inner nasal grid
of parients the reflectances at 6 and 15 months were weaker than
those of controls (Figure 3). At 6 months the refrectance at the
inner nasal grid was clearly weaker than at 3 and 9 months in
patients and at 6 months in controls (Figure 4).

Multiple Regression Analysis between
Metrics of MPRLs or RPE and
Clinical Factors
By multiple regression analysis, the thickness at some ONL grids
in patients increased negatively related with the decrease and
mean of HbA1c levels over the whole follow-up period and those
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TABLE 1 | Demographic data and clinical characteristics at baseline and endpoint in patients with type 2 diabetes and control subjects.

Patients with type 2 diabetes Control subjects

Baseline Endpoint Baseline Endpoint

Number (Male/Female, %) 31 (64.5/35.5) 31 (64.5/35.5) 39 (64.1 /35.9) 39 (64.1/35.9)
Age (year) 49.8±1.8 51.8±1.8 49.2±1.2 51.2±1.2
Body mass index (kg/m2) 25.6±0.88* 25.9±1.02† 22.5±0.41 22.6±0.43
Follow up period (year) - 2.07±0.02 - 2.04±0.01
Duration of diabetes (year) 5.5±1.4 7.5±1.4 - -
Systolic blood pressure (mmHg) 141±3.6‡ 131±2.3§, † 120±1.7 122±1.5
Diastolic blood pressure (mmHg) װ85.3±2.2 76.4±1.5§ 78.5±1.0 79.5±0.9
No. treated with ARB (%) 5 װ(16.1) 7 (22.6)¶ 0 (0) 1 (2.6)
Casual postprandial plasma glucose (mg/dL) 272±19.4‡ 162±10.3#,** 97.5±2.3 104±2.5
Mean (mg/dL) 156±6.7
Standard deviation (mg/dL) 43.8±3.2
Coefficient of variation (%) 29.0±2.3

HbA1c (%) 10.3±0.34‡ 6.7±0.07#,** 5.4±0.05 5.5±0.03
Mean (%) - 7.05±0.08 - -
Standard deviation (%) - 0.94±0.09 - -
Coefficient of variation (%) - 13.4±1.3 - -

LDL-cholesterol (mmol/L) 3.46±0.16 װ 3.08±0.16†† 3.02±0.12 2.90±0.09
No. treated with statins (%) 2 (6.5) 1 (3.2) 3 (7.7) 3 (7.7)
HDL-cholesterol (mmol/L) 1.45±0.07 װ 1.48±0.07† 1.71±0.07 1.74±0.06
Triglycerides (mmol/L) 2.25±0.34* 1.68±0.16 1.53±0.25 1.40±0.18
No. treated with fibrates (%) 0 (0) 0 (0) 0 (0) 0 (0)
Estimated glomerular filtration rate (mL/min) 91.5±4.17 85.1±3.16†† 86.4±2.46 83.5±2.54
Urinary albumin to creatinine ratio (mg/gCr) 20.1±4.52‡ 18.8±4.93¶ 8.49±1.22 8.61±0.95
Hypoglycemic treatment
None/SU/ISA/DPP4-I/diet alone (no.) 26/3/2/3/0 0** /6/18** /25** /1
Frontiers in Endocrinology | www.frontiersin.org
 530
 April 2021 | Volume 12 |
Data are the mean ± standard error of the mean in patients with type 2 diabetes and control subjects at baseline and endpoint.
*p < 0.01 compared with control subjects at baseline, †p < 0.01 compared with control subjects at endpoint, ‡p <0.001 compared with control subjects at baseline, §p < 0.01 compared
with baseline, pװ < 0.05 compared with control subjects at baseline, ¶p < 0.05 compared with control subjects at endpoint, #p < 0.001 compared with control subjects at endpoint,
**p < 0.001 compared with baseline, ††p < 0.05 compared with baseline.
ARB, angiotensin receptor blocker; DPP4-I, dipeptidyl peptidase-4 inhibitor; HDL, high-density lipoprotein; ISA, insulin-sensitizing agent; LDL, low-density lipoprotein; SU, sulfonylurea.
TABLE 2 | Neurophysiological measures, corneal nerve fiber measures and microvascular complications at baseline and endpoint in patients with type 2 diabetes and
control subjects.

Patients with type 2 diabetes Control subjects

Baseline Endpoint Baseline Endpoint

Neurophysiological measures
Neuropathy disability score 4.39±0.50* 3.84±0.42† 0.44±0.08 0.49±0.08
MCV of median nerve (m/s) 52.5±0.60* 53.7±0.54† 59.0±0.70 58.3±0.57
Amplitude of median nerve (mV) 8.03±0.57‡ 7.12±0.60† 9.18±0.44 9.53±0.39
SCV of sural nerve (m/s) 45.1±1.00§ 46.3±0.86† 49.4±0.72 50.0±0.63
Amplitude of sural nerve (mV) 11.5±0.93§ 13.0±1.00 15.9±1.15 15.7±1.02
Vibration perception threshold (m/120c/s) 3.30±0.37* 2.75±0.36 1.67±0.16 1.78±0.12
Coefficient of variation of R-R interval (%) 3.15±0.24§ 3.06±0.25† 4.13±0.24 4.25±0.18
Warm perception threshold (W/m2) -635±45.4‡ װ616±42.3- -497±20.5 -489±16.0
Cold perception threshold (W/m2) 544±25.1 509±20.7 490±19.3 496±11.8

Corneal nerve fiber measures
Corneal nerve fiber density (no/mm2) 19.9±0.53* 20.2±0.50† 30.8±0.83 30.3±0.57
Corneal nerve fiber length (mm/mm2) 10.7±0.26* 11.4±0.27¶,† 15.1±0.30 15.4±0.34
Corneal nerve branch density (no/mm2) 9.84±0.50* 11.3±0.42¶,† 14.2±0.77 14.5±0.56
Beading frequency (no/0.1mm) 19.4±0.25* 19.6±0.28† 23.6±0.33 24.0±0.27
Bead size (µm2) 11.7±0.10* 10.3±0.12#,† 8.09±0.074 8.11±0.051

Microvascular complications
Prevalence of retinopathy (%) 0 0 0 0
Prevalence of neuropathy (%) 25.8 16.1 0 0
Prevalence of nephropathy (%) 16.1 19.4 0 0
Ar
Data are the mean ± standard error of the mean in patients with type 2 diabetes and control subjects at baseline and endpoint.
*p < 0.001 compared with control subjects at baseline, †p < 0.001 compared with control subjects at endpoint, ‡p < 0.05 compared with control subjects at baseline, §p < 0.01 compared
with control subjects at baseline, pװ < 0.05 compared with control subjects at endpoint, ¶p < 0.05 compared with baseline, #p < 0.001 compared with baseline.
MCV, motor nerve conduction velocity; SCV, sensory nerve conduction velocity.
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at 6-24 months, and positively related with baseline HbA1c
levels. The mean CPPG and those at 12,18 and 21 months
were negatively related with the increase in the thickness at the
outer temporal ONL grid. The decrease in the reflectance at 6
months during glycemic control at outer inferior grid of ellipsoid
zone or PROS was inversely associated with the HbA1c levels at
that time (Table 3).

The mean levels (b:-0.220〜0.060, p:0.268〜0.782) or
improvements (b:-0.257〜0.092, p:0.232〜0.784) of the
metabolic syndrome components during glycemic control did
not influence the ONL thickness and the reflectances of ellipsoid
zone or PROS. The interval changes in neurophysiological tests
(b:-0.227〜0.348, p:0.133〜0.942) and CNF measures (b:-
0.349〜0.275, p:0.090〜0.992) were not associated with the
Frontiers in Endocrinology | www.frontiersin.org 631
increase in thickness at inner temporal and outer temporal
grids of ONL nor weaker reflectance at outer inferior grid of
ellipsoid zone or PROS. The increased prescription of DPP4-I
and insulin sensitizing agent at the endpoint did not influence
the ONL thickness (b:-0.353〜0.339, p:0.067〜0.603) nor the
reflectance of ellipsoid zone or PROS (b:-0.249〜0.197,
p:0.400〜0.930).
DISCUSSION

The present study investigated the sequential changes during
glycemic control in the mean thickness, volume and reflectance
FIGURE 2 | Sequential changes for 2 years in the mean thickness at grids defined by Early Treatment Diabetic Retinopathy Study of individual macular
photoreceptor layers and retinal pigment epithelium in patients with type 2 diabetes undergoing glycemic control (open circle) and control subjects (solid circle).
Values were mean ± SEM. *p < 0.01 compared with baseline, †p < 0.05 compared with 3 months, ‡p < 0.05 compared with patients with type 2 diabetes, §p < 0.01
compared with patients with type 2 diabetes, pװ < 0.001 compared with baseline, ¶p < 0.05 compared with baseline, #p < 0.05 compared with 6 months, **p < 0.001
compared with patients with type 2 diabetes, ††p < 0.01 compared with 21 months, ‡‡p < 0.05 compared with 21 months. CF, central fovea; II, inner inferior;
IN, inner nasal; IS, inner superior; IT, inner temporal; OI, outer inferior; ON, outer nasal, OS; outer superior; OT, outer temporal.
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FIGURE 3 | Sequential changes for 2 years in the reflectance at grids defined by Early Treatment Diabetic Retinopathy Study of individual macular photoreceptor
layers and retinal pigment epithelium in patients with type 2 diabetes undergoing glycemic control (open circle) and control subjects (solid circle). Values were mean ±
SEM. *p < 0.05 compared with endpoint, †p < 0.01 compared with 12 months, ‡p < 0.05 compared with 12 months, §p < 0.05 compared with 6 months, pװ <
0.001 compared with 6 months, ¶p < 0.01 compared with 6 months, #p < 0.05 compared with patients with type 2 diabetes, **p < 0.001 compared with patients
with type 2 diabetes. AU, arbitrary unit; CF, central fovea; II, inner inferior; IN, inner nasal; IS, inner superior; IT, inner temporal; OI, outer inferior; ON, outer nasal, OS;
outer superior; OT, outer temporal.
FIGURE 4 | The comparison of the reflectances at inner nasal grid of retinal pigment epithelium between control subject and patient with type 2 diabetes under
glycemic control. (a) control subject at 6 months (223), (b) patient with type 2 diabetes at 3 months (204), (c) patient with type 2 diabetes at 6 months (147), and (d)
patient with type 2 diabetes at 9 months (224). No. in the parenthesis reveals reflectance in arbitrary unit.
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of individual MPRLs and RPE using enface OCT in type 2
diabetic patients without diabetic retinopathy. In patients with
diabetes, evidences showing photoreceptor death is equivocal (4,
14). Therefore, not much has been clarified what occurs in the
metrics of individual MPRLs and RPE during glycemic control in
type 2 diabetes. Indeed the glycemic control has the potential
transient negative influence on diabetic retinopathy (15). In
patients with type 2 diabetes 4 months after starting glycemic
control, retinal nerve fiber layer got thinner related with the
decrease in HbA1c levels (16). Therefore, the sequential OCT
examinations during glycemic control is crucial to clarify the
dynamic influence of glycemic control on the metrics and
neuroretinal structures. This may enable to predict the future
incidences of diabetic retinopathy. Because the thickness of most
MPRLs and RPE is < 20 μm, the precise measurement and good
repeatability are necessary to elucidate the impact of glycemic
control on the small but significant changes in the OCT metrics
in diabetic patients. In control subjects, the coefficients of
variation in 9 measurements of the mean thickness and
volume over 2 years at 9 ETDRS grids of ONL, ellipsoid zone,
PROS, interdigitation zone and RPE were 1.6-5.3%, 1.6-3.7%,
1.9-3.8%, 1.7-5.5%, and 1.2-1.8%, respectively, indicating good
repeatablility, although some significant fluctuations even in
Frontiers in Endocrinology | www.frontiersin.org 833
control subjects were seen. In contrast, the coefficients of
variation in 9 reflectance measurements at these layers in
controls were 8.8-11.0%, 4.5-6.5%, 4.8-7.3%, 4.4-5.8% and 4.6-
6.0%, respectively, indicating poorer repeatablility than the mean
thickness and volume. The sequential changes in the reflectance
by the intervention such as glycemic control should be
cautiously interpreted.

In the present study, the thickness of 7 grids of ONL over
whole follow-up period, and partially at inner temporal grid in
patients was thinner than controls. Glycemic control
significantly increased the thickness at 6 grids of ONL from
the baseline. In patients the mean thickness at the inner temporal
grid was restored to the control level after 24 months follow-up.
Because glycemic variability plays a causative role in diabetic
complications independent of HbA1c levels (17), we associated
the recovery of some ONL thickness with parameters of glycemic
control and glycemic variability. The recovery of some ONL grid
thickness was robustly associated with overall HbA1c decrease
from the baseline and monthly low HbA1c levels during the
second year of follow-up period. The mean HbA1c and CPPG
levels also contributed to ONL recovery. The baseline HbA1c
levels did not influence any baseline ONL thickness (P = 0.205〜
0.966), but positively related with the recovery of some ONL
TABLE 3 | Correlations between the increase in the thickness at grids of the outer nuclear layer or the decrease in reflectance at EZ and PROS grids and parameters of
HbA1c, CPPG, and their variability during the follow-up period in patients with type 2 diabetes undergoing glycemic control for 24 months.

Increase in the thickness at grids of outer nuclear
layer by glycemic control

Decrease in reflectance at the outer inferior grid of EZ and
PROS at 6 months during glycemic control

Inner temporal grid Outer temporal grid Outer inferior grid of EZ Outer inferior grid of PROS

Standard b p Standard b p Standard b p Standard b p

HbA1c levels decrease -0.545 0.004 -0.588 0.004 -0.041 0.854 -0.160 0.463
mean -0.473 0.026 -0.570 0.008 -0.021 0.929 0.101 0.667
standard deviation 0.321 0.273 0.227 0.485 -0.478 0.126 -0.534 0.084
coefficient of variation 0.486 0.077 0.447 0.138 -0.411 0.166 -0.501 0.087
baseline 0.450 0.020 0.547 0.008 0.095 0.664 0.227 0.292
3 months -0.102 0.648 -0.153 0.526 -0.226 0.338 0.011 0.964
6 months -0.388 0.082 -0.631 0.006 -0.803 <0.001 -0.665 0.001
9 months -0.581 0.033 -0.634 0.003 -0.044 0.847 0.099 0.661
12 months -0.534 0.007 -0.639 0.003 0.072 0.754 0.163 0.472
15 months -0.572 0.004 0.816 <0.001 -0.021 0.929 0.214 0.346
18 months -0.578 0.002 -0.686 0.001 -0.013 0.952 0.101 0.647
21 months -0.561 0.003 -0.656 0.001 -0.024 0.913 0.226 0.303
endpoint -0.705 <0.001 -0.783 <0.001 0.264 0.267 0.279 0.237

CPPG decrease -0.171 0.394 -0.328 0.124 -0.257 0.225 -0.331 0.111
mean -0.070 0.736 -0.498 0.019 -0.145 0.509 -0.138 0.526
standard deviation 0.138 0.512 0.076 0.740 -0.295 0.180 -0.117 0.599
coefficient of variation 0.223 0.276 0.255 0.250 -0.279 0.198 -0.105 0.631
baseline 0.109 0.573 0.170 0.416 0.182 0.376 0.234 0.249
3 months 0.080 0.688 -0.227 0.289 -0.195 0.354 -0.312 0.131
6 months -0.033 0.874 -0.398 0.070 0.255 0.221 0.231 0.191
9 months 0.003 0.987 -0.321 0.125 -0.132 0.531 -0.196 0.347
12 months -0.251 0.263 -0.464 0.049 -0.220 0.358 -0.364 0.120
15 months 0.030 0.887 -0.215 0.343 -0.323 0.142 -0.257 0.243
18 months -0.202 0.335 -0.548 0.010 -0.132 0.555 0.164 0.460
21 months -0.153 0.463 -0.494 0.021 -0.067 0.763 -0.071 0.748
endpoint -0.174 0.443 -0.420 0.078 -0.222 0.354 -0.288 0.225
April 202
1 | Volume 12 | Art
Decrease in HbA1c = value at endpoint – value at baseline. Increase in thickness = value at endpoint – value at baseline. Decrease in reflectance = reflectance at 6 months – reflectance at 3
months after the start of glycemic control. CPPG, casual postprandial plasma glucose; EZ, ellipsoid zone; PROS; photoreceptor outer segment.
Statistically significant correlations appear in boldface type.
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thickness. Because the HbA1c levels at the endpoint in patients
were similar (6.5〜6.7%), the decrease in HbA1c levels was
highly correlated with the baseline HbA1c levels (p < 0.001).
Then, the high baseline HbA1c levels positively correlated with
the increase in ONL thickness. In contract, glycemic variability
was not significantly related with the recovery of ONL thickness.
However, glycated albumin has been reported to be better
marker of glycemic variability than HbA1c levels, especially for
short term (18). Because the present study did not measure
glycated albumin, we could not clarify the relationship between
the variability of glycated albumin and the metrics of MPRLs
and RPE.

A reduced ONL thickness may represent photoreceptor cell
death (19). Therefore, the ONL thickness, especially at inner
temporal grid, can provide a measure for the photoreceptor
recovery by glycemic control. The cone density near central fovea
is highest and abruptly decreases toward the periphery, and the
rod occupies 90% of photoreceptors (20). Because glycemic
control increased the thickness at central fovea, pericentral and
peripheral grids, glycemic control might restore ONL of the
cones and rods.

The thickness at 4 grids of ellipsoid zone at the baseline in
patients with type 2 diabetes was thinner than control subjects.
Glycemic control significantly increased the thickness at 3 inner
and 2 outer grids of ellipsoid zone from the baseline. The
ellipsoid zone contains mitochondria which are the main focus
of hyperglycemia-induced retinal oxidative stress (21). The
recovery of ellipsoid zone by glycemic control may represent
the amelioration in photoreceptor oxidative stress and
mitochondrial degeneration.

As previously reported (3, 4), the most baseline PROS
thickness in patients with type 2 diabetes was similar to that of
control subjects, and glycemic control increased the thickness
from the baseline at all peripheral and one pericentral grids,
suggesting the PROS of the rod in patients might be more
amenable to glycemic control than cone which located near the
central fovea. This was compatible with less severe demand in
blood supply and metabolism in the peripheral retina than
central fovea (4).

The mean thickness of 6 grids of interdigitation zone and one
grid of RPE in patients was thinner than controls (22). Glycemic
control did not restore the thickness of interdigitation zone and
RPE. The influence of glycemic control on these layers had never
been investigated and the current study is the first to our
knowledge that reports these findings.

The influence of glycemic control on the volume of MPRLs
and RPE was quite similar to that on the mean thickness, because
OCT-Explorer automatically calculated the volume by
multiplying the mean thickness by the each grid area defined
by the ETDRS.

The second aspect of these novel findings is the sequential
assessment of reflectance in MPRLs and RPE during glycemic
control in diabetic patients without diabetic retinopathy. This
may disclose the alterations occurring before the development of
new diabetic retinopathy, as reported in cross-sectional study of
type 1 diabetes (23). The reflectance at baseline and during
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follow-up in patients was similar or less than controls. The
transient weaker reflectance occurred at 6 and 15 months
during glycemic control. To rule out the shadowing effect by
high reflectance at inner retinal layers to outer retinal layers (24),
we measured reflectances at all inner retinal layers. There were
no high reflectances, and weaker reflectances were found at all
inner retinal layers at the same time points as MPRLs and RPE.
The weaker reflectance at outer inner grid of ellipsoid zone and
PROS at 6 months during glycemic control was robustly related
with high HbA1c levels at that time point. This means that the
temporal glycemic deterioration during glycemic control may
cause weaker reflectance of MPRLs, suggesting the possible
derangement of MPRLs. The erratically high blood glucose
rather than constant high glucose exposure was shown to have
more harmful consequences associated with oxidative stress and
endothelial dysfunction (25). Because the ellipsoid zone contains
mitochondria which are the main focus of hyperglycemia-
induced retinal oxidative stress (21), the temporal glycemic
deterioration during glycemic control may result in the
derangement of MPRLs. In the perifoveal region, the
reflectances in ellipsoid zone and interdigitation zone are
closely related to the cone density (26). The weaker reflectance
may result from the disarray of the mosaic cone and rod
distribution, as found in various retinal diseases (27). If the
hyperglycemia-induced hyperosmolarity may enhance
dehydration in situ, the baseline thickness was reduced, and
reflectance was increased. The subsequent glycemic control may
restore normal osmolarity and improve the thickness and
reflectance toward the endpoint. We think this was unlikely,
because the thickness in some grids at baseline was sequentially
and significantly increased toward the endpoint, while the
reflectance at endpoint did not significantly changed from
baseline at all grids of MPRLs and RPE, and the weaker
reflectances were transient at specific time points and
reversible, and because chronic hyperglycemia could increase
the permeability of retinal vasculature (28), which may have led
to the thickening of the retinal layers due to edema (3)
at baseline.

The thickness and reflectance in patients with diabetes seem
to be variable compared with those in control subjects. The
metrics of MPRLs and RPE are influenced by not only glycemic
levels (28), but also many clinical factors including
anthropometric values, blood pressure and serum lipid levels
(22). In control subjects, these clinical factors were stable and
existed in a narrow range during the follow-up period, while in
the present study all values in patients except for BMI were
significantly different between baseline and endpoint.
Furthermore, clinical background of diabetes such as disease
duration and severity of hyperglycemia was different among
patients with diabetes. These diverse clinical factors in patients
may induce variability in the metrics of MPRLs and RPE.
The fovea has the highest density of cones, and therefore has
an increased metabolic demand, and the temporal regions have
the thinnest retina. The foveal and temporal regions of retina
may be susceptible to diabetic harm (28). Therefore, the
influence of diabetes on neuroretina may be variable among
April 2021 | Volume 12 | Article 614161
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ETDRS grids, and cause regional variability in the metrics of
MPRLs and RPE.

The causative mechanisms of the transient weaker
reflectances of MPRLs and RPE are unknown. According to
the neurodegenerative theory of diabetic retinopathy, the
apoptosis of neuronal cells, including photoreceptor cells,
observed at an early stage of diabetes, might lead to
microvascular changes (29). In type 1 diabetes without diabetic
retinopathy, the weaker reflectance in some retinal layers is
supposed to predict the new development of diabetic
retinopathy (23). Therefore, transient weaker reflectances in
the present study may be relevant to the development of
diabetic retinopathy induced by glycemic control.

Because the increase in ONL thickness during glycemic
control was not associated with the improvement in CNF and
neurophysiological measures, and because glycemic control did
not ameliorate the neurophysiological measures, the recovery of
ONL thickness by glycemic control might be a novel
morphological marker for investigating the benefit of glycemic
control on the diabetic neuropathy. Although glycemic control
improved some CNF measures, all measures at endpoint were
still inferior to those in control subjects. In contrast, glycemic
control increased the mean thickness and volume at some grids
of ONL, ellipsoid zone and PROS to the levels of control subjects,
indicating that glycemic control had potential to normalize the
thickness and volume of some MPRLs.

Because the normal HbA1c levels (< 5.9%) (13) or HbA1c
levels < 6.5% (30) are mandatory for improving neuro
physiological and CNF measures by glycemic control, the
average HbA1c levels in the current study beyond these levels
could not improve the neuropathy measures.

Although chronic hyperglycemia clearly plays a causative role
in the retinal neurodegeneration in type 2 diabetes, metabolic
syndrome components are likely to cause it (31). In our study,
the mean levels or changes in metabolic syndrome components
during follow-up period were not associated with the increase in
ONL thickness.

Strengths and Limitations
The longitudinal impact of glycemic control on the OCT metrics
in type 2 diabetes had never been investigated. For excluding
time-dependent variability in OCT metrics, this study repeated
OCT examinations every 3 months for 2 years. The current study
measured the main factors influencing the metrics of MPRLs and
RPE monthly or every 3 months during the follow-up period.
Therefore, the mean clinical factors influencing the OCT metrics
are representative; the contribution of controlling hyperglycemia
and other risk factors to the restoration of altered MPRLs and
RPE was reliably evaluated by multiple regression analysis.

Our study has some limitations. First, the follow-up period
of 2 years may need to be extended. Ideally, the glycemic control
needs to be maintained for over 3-5 years to yield definite benefit
(32). Two years might be too short to restore the morphology of
all MPRLs and RPE, and neurological deficits. Second, we did not
examine the retinal function such as electroretinography. The
simultaneous examinations using electroretinography and OCT
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strengthen the role of glycemic control on the restoration of
MPRLs and RPE. Third, because we aimed to unveil changes in
MPRL metrics before the development of diabetic retinopathy,
patients with diabetic retinopathy were excluded. Therefore, we
could not assess the influence of diabetic retinopathy on the
metrics of MPRLs. Fourth, the weaker reflectances at the specific
time points occurred in relation to coincident HbA1c increase
during glycemic control. The future research, including many
diabetic patients developing new diabetic retinopathy during
glycemic control is indicated to clarify the role of transient
weaker reflectance for the development of diabetic retinopathy
induced by glycemic control.

In conclusion, the longitudinal impact of glycemic control
on the OCT metrics in type 2 diabetes had never been
investigated. In this paper for the first time, we conducted
such a follow-up study. The glycemic control in type 2 diabetes
sequentially restored the mean thickness and volume at some
MPRL gids over 24 months follow-up period. Some reflectances
of MPRLs and RPE at specific time points during glycemic
control were weaker than those at adjacent time points
coincident with high HbA1c levels. The causative mechanisms
of transient weaker reflectance during glycemic control
should be investigated for predicting the development of
diabetic retinopathy.
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Backgrounds: Diabetic retinopathy (DR), the main retinal vascular complication of DM, is
the leading cause of visual impairment and blindness among working-age people
worldwide. The aim of this study was to investigate the difference of plasma metabolic
profiles in patients with DR to better understand the mechanism of this disease and
disease progression.

Methods: We used ultrahigh-performance liquid Q-Exactive mass spectrometry and
multivariate statistical analyses to conduct a comprehensive analysis of plasma
metabolites in a population with DR and proliferative DR (PDR). A risk score based on
the level of the selected metabolite was established and evaluated using the least absolute
shrinkage and selection operator regularization logistic regression (LASSO-LR) based
machine learning model.

Results: 22 differentially expressed metabolites which belonged to different metabolic
pathway were identified and confirmed to be associated with the occurrence of DR. A risk
score based on the level of the selected metabolite pseudouridine was established and
evaluated to strongly associated with the occurrence of DR. Four circulating plasma
metabolites (pseudouridine, glutamate, leucylleucine and N-acetyltryptophan) were
identified to be differentially expressed between patients with PDR and other patients,
and a risk score formula based on these plasma metabolites was developed and
assessed to be significantly related to PDR.

Conclusions: Our work highlights the possible use of the risk score assessment based
on the plasma metabolites not only reveal in the early diagnosis of DR and PDR but also
assist in enhancing current therapeutic strategies in the clinic.
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INTRODUCTION

In both developing and developed countries, the prevalence of
diabetes mellitus (DM) is rising. By 2045, it is estimated that 629
million people worldwide will have DM (1). The proportion was
reported to be less than 1% in the 1980s in China, while a series
of large-scale and well-conducted population surveys have
shown that the prevalence has risen sharply to 9-12% in the
past few years, with more than one million persons affected (2,
3). Diabetic retinopathy (DR), the main retinal vascular
complication of DM, is the leading cause of visual impairment
and blindness among working-age people worldwide (4). In
addition, the existence of DR also suggests an increased risk of
life-threatening systemic vascular complications (5, 6). By 2010,
worldwide, DM-related eye disease contributed to the fifth most
common cause of moderate-to-severe vision loss and blindness,
accounting for nearly four million cases of visual impairment
and more than eight hundred thousand cases of blindness (7).

DR is a progressive and devastating disease, and much of the
blindness associated with DR can be prevented with early diagnosis
and therapy. DR is classified according to its severity as
nonproliferative DR (NPDR) in the early stages and proliferative
DR (PDR) in the later stages; while PDR is often associated with
visual impairment, NPDR is often asymptomatic (8). Therefore,
profiling and early detection of DR are specifically vital in
preventing NPDR from progressing to PDR. One challenge
associated with the use of common retinal imaging methods
widely utilized to screen and diagnose DR is training primary
healthcare workers to assess these retinal images (9). However, an
exciting area of research is the diagnosis and assessment of the
occurrence, development and prognosis of disease based on liquid
biopsy and the identification of easily accessible biomarkers;
notably, plasma/serum multiomics can disclose systemic changes
associated with biological dysfunction (10, 11). Thus, the
development of DR diagnosis and PDR monitoring biomarkers
must be advanced from a modern perspective so that treatment
efforts for DR can be enhanced in the clinic.

Metabolomics research has been applied to qualitatively and
quantitatively analyze all low-molecular-weight metabolites in a
sample, identify metabolites with significant differences and
important biological significance between different groups, and
further clarify the metabolic processes and pathophysiological
changes in an organism during the disease process (12, 13). This
type of research moves from the genome to providing a complete
illustration of the phenotype (14). Metabolomics is a powerful
technology that can be leveraged to study biomarkers of various
diseases, including DM. Several recent studies have revealed that
the development of DM is closely related to amino acid
metabolism, including that of branched chain amino acids,
aromatic amino acids, tyrosine and other aromatic amino-
containing acids, glycine, glutamine and glutamic acid (15).
Despite the biological function of DM becoming increasingly
apparent, the role of metabolites in regulating microvascular
complications of DM such as DR remains under investigation.

In our work, we investigated plasma metabolomic biomarker
profiling of DR patients and disease progression. We used
ultrahigh-performance liquid Q-Exactive mass spectrometry
Frontiers in Endocrinology | www.frontiersin.org 238
(UPLC-QE-MS) and multivariate statistical analyses to conduct
a comprehensive analysis of plasma metabolites in a population
with DR and PDR. A risk score based on the level of the selected
metabolite pseudouridine was established and evaluated using
the least absolute shrinkage and selection operator regularization
logistic regression (LASSO-LR) based machine learning method,
and this score was strongly associated with the occurrence of DR.
Subsequently, four circulating plasma metabolites (pseudouridine,
glutamate, leucylleucine and N-acetyltryptophan) were identified to
be differentially expressed between patients with PDR and other
patients, and a risk score formula based on these plasmametabolites
was developed and assessed to be significantly related to the severity
of DR.
METHODS

Chemicals and Reagents
HPLC-grade methanol was supplied by Tedia Company, Inc.
(Fairfield, OH, USA). Formic acid (FA) was provided by Sigma-
Aldrich Co., Ltd (St. Louis, MO, USA).

Plasma Sample Collection
This study was managed at the The Affiliated Suqian Hospital of
Xuzhou Medical University between August 2019 and January
2021, and the ethics committee of The Affiliated Suqian Hospital
of Xuzhou Medical University (2019–102–07) approved the study,
which was conducted according to the ethical standards for human
experimentation and the World Medical Association (WMA)
Declaration of Helsinki. The cases were T2DM patients with DR,
and the controls were T2DM patients without DR. T2DM was
diagnosed according to standard criteria recommended by WHO
since 1999. All participants received detailed ophthalmic
examinations and were separately assessed based on digital retinal
photographs, while different stages of DR was diagnosed with
fundus fluorescence angiography method (16). The inclusion
criteria were as follows (1): T2DM (2); ≥18 years old (3);
following the same therapy programs consists of basal insulin
(Insulin Degludec) and metformin. Participants with following
situation would be excluded (1): any other eye diseases or history
of eye surgery (2); acute or chronic inflammatory disease,
cardiovascular diseases, malignancy, liver or renal dysfunction and
any other severe chronic systemic disease (3); poor quality of fundus
photographs, which were not clear for DR diagnosis. According to
inclusion criteria and exclusion criteria, 42 patients with clinical and
histopathology-confirmed DR, including 21 PDR and 21 NPDR
patients, and 32 age- and sex-matched T2DM patients without DR,
were recruited between August 2019 and January 2021 at the
Hospital of The Affiliated Suqian Hospital of Xuzhou Medical
University. According to diabetic nephropathy diagnostic criteria
(17), 6.25% (2/32) in T2DM group, 19.0 (4/21) in DR group and
61.9% (13/21) in PDR group were assessed to diabetic nephropathy.

Sample Preparations for Metabolomics
Peripheral venous blood samples including 42 DR patients and 32
T2DM patients without DR, were drawn from the elbow vein in the
fasting state in the morning and stored in ethylenediaminetetraacetic
October 2021 | Volume 12 | Article 757088
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acid vacuum tubes (BD Vacutainer, Franklin Lakes, NJ, USA) and
then centrifuged at 1300 g for 10min at 4°C. Plasma was immediately
separated and stored at -80°C. Sample preparation for nontargeted
metabolomics was performed according to the manufacturer’s
instructions. One hundred microliters of each sample were slowly
lysed at 4°C, 400 µL of precooled methanol was added, vortexed for
60 s, and incubated at -80°C for 8 hours, and the protein was
precipitated by centrifugation at 16,000 g for 10 min at 4°C. The
supernatant was used for UHPLC analysis.

Metabolite Profile Analysis and
Metabolite Identification
The samples were separated by UHPLC and then analyzed by a
Thermo QE HF-X mass spectrometer carried out by Clinical Mass
Company (Nanjing, China). Electrospray ionization (ESI) positive
and negative ion modes were applied. The ESI source conditions
after C18 chromatographic separation were as follows: sheath gas
flow rate: 50; Aux gas flow rate: 13; sweep gas flow rate: 0; capillary
temperature: 300°C; spray voltage: ± 3.5 kV; scan m/z range: 67-
1000 Da; and product ion scan m/z range: 67-1000 Da. Secondary
mass spectra were obtained using information-dependent
acquisition (IDA) and high sensitivity mode, with an N collision
energy of 15, 30, 45 eV. Aliquots of samples were mixed for the
preparation of QC samples. QC samples were inserted in the sample
cohort throughout the analysis to monitor and evaluate system
stability. The MSdial program was used for peak extraction of the
data, and the SIMCA program was used for principal component
analysis (PCA) and orthogonal partial least-squares discriminant
analysis (OPLS-DA). Then, metabolite structure identification was
performed by exact mass number matching and secondary
spectrum matching by searching public databases.

Correlation-Based Metabolic Network
Analysis and Metabolic Pathway Analysis
The MS signal intensities confirmed that significantly changed
metabolites were converted by log transformation and
autoscaling and applied to calculate Pearson’s correlation
coefficient, followed by correlation-based metabolic networking
analysis using Cytoscape 3.7. Variable metabolites were imported
and analyzed using MetaboAnalyst software (http://www.
metaboanalyst.ca) to perform pathway analysis to display the
role of disturbed metabolic pathways.

Biochemical Measurements
All patients’ medical histories were acquired, and age, sex, body
mass index (BMI), and duration were obtained after a physical
examination. Patients underwent blood and urine laboratory tests
that included fasting plasma glucose (FPG), glycated hemoglobin |
glycosylated hemoglobin (HbA1c), urine Albumin to creatinine
(UACR), triglycerides, high-density lipoprotein cholesterol (HDL-
c), low-density lipoprotein cholesterol (LDL-c) and total
cholesterol (TC).

Statistical Analysis
Data are presented as the mean ± SD. Continuous data were
analyzed with Student’s t-test or the Mann-Whitney U test using
Frontiers in Endocrinology | www.frontiersin.org 339
SPSS 22.0 software (SPSS, Chicago, IL, USA). As the association
of HbA1c level with severity of retinopathy has been investigated
and assessed, Pearson correlation and partial correlation were
used to analyze the relationships between plasma HbA1c level
and risk score (GraphPad Prism). LASSO-LR based machine
learning model was then performed to derive an DR or PDR
diagnosis risk score. Receiver operating characteristic (ROC)
analysis was utilized to estimate the sensitivity and specificity
by the standard method. The general acceptance level of
significance was P < 0.05.
RESULTS

Clinical Features of Subjects
In the present work, we explored the association between the
plasma metabolite fingerprint and proliferative retinopathy in
DM patients. Detailed demographic characteristics of the
enrolled participants are shown in Table 1, FPG, HbA1c and
UACR levels were markedly higher in DR patients (P < 0.001). In
addition, no significant differences were found for BMI, or levels
of triglycerides, HDL-c, LDL-c and TC between the DR and
control groups (P > 0.05).

Metabolomics Workflow
The study workflow is shown in Figure 1. Plasma samples were
collected from subjects and analyzed with the UHPLC-QE MS
platform with both the electrospray ionization positive (ESI+)
and negative (ESI-) modes. Raw data were normalized using
Pareto scaling for subsequent data analysis after extraction of the
background and alignment of the metabolic peaks. Different
metabolic features and metabolites were extracted by combining
the criteria of fold change (FC) >1.2 and P<0.05 and visualized
with volcano plots and heat maps. Thirty significantly different
metabolites were screened by the threshold of variable important
in projection (VIP) value >1 and P value <0.05, of which
correlation analysis and pathway analysis were performed.
TABLE 1 | Detailed demographics of the enrolled patient.

Detailed demographics of the enrolled patients

DR NDR

n 42 32
Gender (male/female) 18/24 15/17
Age (years) 52 (45–62) 50 (45–61)
Dibabets duration (years) 13 (11.4-19) 12.5 (10.5-18.5)
BMI (kg/m2) 26.8 (23.8-29.4) 25.4 (22.3-28.9)
triglycerides (mmol/L) 1.3 (0.78-1.9) 1.7 (0.86-2.3)
HDL-c (mmol/L) 0.89 (0.59-1.23) 0.92 (0.63-1.29)
LDL-c (mmol/L) 2.96 (2.03-3.61) 2.78 (2.13-3.53)
TC (mmol/L) 4.86 (3.62-5.52) 4.72 (3.30-5.38)
FPG (mmol/L) 10.05 (8.97-11.31) 8.11 (6.71-8.93)
UACR (mg/g) 37.4 (6–213) 17.3 (4.1-45.2)
HbA1c (1%) 9.47 (8.78-10.69) 8.03 (7.58-8.63)
October 2021 | Volume 12
DR, Diabetic retinopathy; BMI, body mass index; FPG, fasting plasma glucose; HbA1c,
glycated hemoglobin glycosylated hemoglobin; HDL-c, high-density lipoprotein
cholesterol; LDL-c, low-density lipoprotein cholesterol; TC, total cholesterol; UACR,
urine albumin to creatinine.
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The LASSO-LR was utilized to select diagnostic markers to
predict DR and PDR among the subjects via penalized
maximum likelihood. Evaluation of the risk score formula was
performed using ROC analysis, and the relationship between the
risk score and HbA1c level was investigated.

Metabolic Profiling of DR
We first compared the metabolic signatures between DR and
control T2DM patients in both ESI+ and ESI− modes of
untargeted metabolomics. In total, more than 50,000 metabolic
features were consistently found in all plasma samples from the
discovery cohort, including 25742 features in ESI+ mode and
31374 features in ESI- mode. QC samples were tightly clustered
in principal component analysis (PCA), validating the stability
and reproducibility of the instrumental analysis (Figures 2A, B).
The OPLS-DA score plot displays a clear demarcation between
the DR group and the control group in ESI+ mode with R2Y =
0.939 and in ESI- mode with R2Y = 0.991, suggesting significant
changes in plasma metabolites in the DR group (Figures 2C, D).

Identification of Differential Metabolites
To reveal the plasma metabolic characteristics in DR patients
and identify and confirm high-confidence metabolites that
contribute to DR, we distinguished the differences by ESI+ and
ESI- based on the criteria of FC>1.2 and P<0.05, respectively.
In addition, a VIP value greater than 1.0, which was calculated by
OPLS-DA scoring, was selected as a significantly different
metabolic feature for analysis. Thus, metabolic characteristics
with significant differences were extracted and visualized by
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volcano plots (Figures 3A, B). According to a public
metabolite library, 22 metabolites were identified and
confirmed after inputting the refined significant metabolic
features, containing 13 and 5 metabolites from the ESI+ and
ESI- models, respectively, and 4 metabolites with dual mode.
They were classified into 13 subcategories according to the
chemical taxonomy in the Human Metabolome Database
(HMDB) with the largest proportion of the significantly
different metabolites which was classified as amino acid (7/22)
(Table 2). Hierarchical clustering analysis also revealed
differentially expressed metabolites between DR and
NDR (Figure 3C).

Metabolite Correlation Analysis and
Pathway Enrichment Analysis
To further investigate the interrelationships between the
significantly different metabolites, we utilized the Metscape
plugin (http://metscape.ncibi.org/) in Cytoscape (https://
cytoscape.org/), a tool available for interactive exploration and
visualization of metabolic networks in metabolite changes, and
constructed the metabolic network (Figure 3D). We identified
45 pairs of correlations with correlation coefficients ≥0.4 or ≤-0.4
among the 22 significantly different metabolites. KEGG pathway
enrichment analysis was performed for 22 dysregulated
metabolites involving 18 metabolic pathways. Based on the
enrichment factor and P-value, histidine metabolism, purine
metabolism, riboflavin metabolism, d-glutamine metabolism
and nitrogen metabolism were the five most significantly
enriched metabolic pathways (Figure 3E).
FIGURE 1 | Workflow of metabolomics for metabolomic profiling and data interpretation of plasma samples from DR and NDR.
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Development and Evaluation of a
Diagnostic Panel for DR
To further elucidate the metabolite signature for DR, a LASSO-
LR model was utilized to select diagnostic metabolites to predict
DR among the subjects via penalized maximum likelihood,
which gives the most normalized model for the application of
one or ten markers (Figure 3A). The normalization path was
calculated for the LASSO-LR model at a grid of values for the
normalization parameter lambda, which identified one
(pseudouridine) or ten differentially expressed metabolites
(Figure 4A). The OPLS-DA score plot displays a clear
demarcation between the DR group and the control group at
the level of pseudouridine with R2Y = 0.867 (Figure 4B).
According to the levels of the selected metabolites, the
following formula was derived to calculate the DR risk score
for each patient: risk score (DR) = -0.23× Ln (pseudouridine) +
1.88. Based on the study of the relationship between the risk
score distribution and DR status, the results showed that the rate
of DR in the low-risk score party was primarily lower than that in
the high-risk score party (Figure 4C). In addition, the risk scores
for the DR group were predominantly higher than those for the
NDR group (Figure 4D). The sensitivity and specificity of the
risk score for DR were 97.6% and 53.1%, respectively, with an
AUC of 0.80 (95% CI = 0.70 to 0.90) (Figure 4E). Then, it was
also shown that the risk score was positively correlated with the
level of HbA1c according to a linear correlation analysis (R =
0.603, P < 0.001) (Figure 4F).
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Plasma Metabolomics Approach to
Monitor the Progression of DR
According to the International Clinical DR and Diabetic Macular
Edema Disease Severity Scale, 21 PDR patients and 53 non-PDR
patients, including 32 control cases and 21 NPDR patients, were
distinguished. Then, the same procedure of LASSO-LR analysis
was performed to select metabolites to monitor PDR. The
normalization path was calculated for the LASSO-LR model at
a grid of values for the normalization parameter lambda, which
identified four (pseudouridine, glutamate, leucylleucine and
N-acetyltryptophan) differentially expressed metabolites
(Figure 5A). As shown in Figure 5B, the plasma concentrations
of pseudouridine, N-acetyltryptophan and glutamate were
predominantly upregulated, whereas that of leucylleucine was
found to be downregulated in PDR patients. According to the
levels of the four selected metabolites, the following formula was
derived to calculate the PDR risk score for each patient: risk score =
0.23 × Ln(pseudouridine) + 0.16 × Ln(N-acetyltryptophan) -
0.065 × Ln(leucylleucine) + 0.11 × Ln(glutamate) -3.63. Based on
the relationship between the risk score distribution and DR status,
the results showed that the rate of PDR cases in the low-risk score
party was primarily lower than that in the high-risk score party
(Figure 5C). Statistical analysis showed that the risk scores of the
PDR group were significantly higher than those of the non-PDR
group (Figure 5D). The sensitivity and specificity of the risk score
for DR were 76.2% and 77.4%, respectively, with an AUC of 0.82
(95% CI = 0.71 to 0.90) (Figure 5E). Ultimately, it was also shown
A B

DC

FIGURE 2 | Multivariate statistical analysis results. PCA score plot of the analysis in ESI (–) mode (A) and ESI (+) mode (B). OPLS-DA score plot of the analysis in
ESI (–) mode (C) and ESI (+) mode (D).
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that the risk score was positively correlated with the level of HbA1c
according to a linear correlation analysis (R = 0.36, P <
0.01) (Figure 5F).
DISCUSSION

DR, the main retinal vascular complication of DM, is the leading
cause of visual impairment and blindness among working-age
people worldwide. Therefore, early and accurate identification of
DR and disease progression among T2DM patients is essential
for clinicians when evaluating the disease status of patients and
formulating suitable therapy efforts such as anti-vascular
endothelial growth-factor agents, intraocular injection of
steroids or timely laser therapy for preservation of sight in DR
patients. In our work, we demonstrated that the levels of
circulating plasma metabolites were significantly differentially
expressed between the DR and NDR groups. A risk score based
on the level of pseudouridine was established and evaluated using
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the LASSO-LR model, which was strongly associated with the
occurrence of DR. Subsequently, four circulating plasma
metabolites, including pseudouridine, glutamate, leucylleucine
and N-acetyltryptophan, were identified to be differentially
expressed between PDR and not-PDR, and a risk score
formula based on these four plasma metabolites was developed
in the same way and assessed to be significantly related to the
severity of DR. Our work highlights the possible use of plasma
metabolites in the early diagnosis of DR and PDR in the clinic.

A panel of differentially expressed plasma metabolites was first
identified after comparing DR and NDR subjects and was found to
be significantly enriched in histidine metabolism, purine
metabolism, riboflavin metabolism, d-glutamine/d-glutamate
metabolism and others. Histidine, an essential amino acid
(EAA) in mammals, is derived from growth and amino acid
composition in tissues. An increasing number of studies have
revealed the effect of histidine catabolism on carnosine synthesis,
which contributes to strong antioxidant effects (18) and the
efficiency of chemotherapy agents (19), preventing cataracts
A B

D E

C

FIGURE 3 | Representative Volcano plot (fold change >1.2 and p-value < 0.05) in ESI (+) mode (A) and ESI (+) mode (B) metabolomics data. (C)
Representative heatmap of significant different metabolites (fold change >1.2, VIP>1 and p-value < 0.05). (D) Correlation-based metabolic network analysis.
(E) Metabolic pathway analysis.
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TABLE 2 | Differential metabolites identified from metabolomics profiling.

Metabolite name Mode VIP FC P Value Subclass

Pantothenic acid POS 1.53 1.553 0.0057 vitamin
(–)-Riboflavin POS 2.05 2.819 0.0076 vitamin
D-(+)-Pantothenic acid NEG 1.16 1.357 0.0310 vitamin
Pseudouridine NEG 1.63 1.720 0.0047 uridine
D-GLUCURONIC ACID NEG 1.30 1.316 0.0455 sugars
Dehydroisoandrosterone sulfate NEG 1.19 0.598 0.0456 steroids
Hypoxanthine NEG/POS 2.60 0.360 0.0079 purine derivatives
N2,N2-Dimethylguanosine POS 1.11 1.439 0.0331 nucleoside
sn-Glycero-3-phosphocholine POS 1.01 0.705 0.0301 lipid
Propionylcarnitine POS 1.05 1.276 0.0267 lipid
Acetylcarnitine POS 1.38 1.584 0.0088 enzyme
Inosine NEG/POS 2.18 0.315 0.0363 creatinine
Cholic acid NEG/POS 2.53 0.244 0.0172 cholic acid
Butyryl carnitine POS 1.48 1.561 0.0024 carnitine
UROCANIC ACID POS 1.33 1.373 0.0002 azole
N-Fructosyl isoleucine POS 1.09 1.496 0.0474 amino acid
N-acetyltryptophan POS 1.95 3.762 0.0341 amino acid
Leucylleucine POS 3.24 0.329 0.0002 amino acid
Kynurenic acid POS 1.90 0.541 0.0000 amino acid
3-Methylhistidine POS 1.86 2.264 0.0010 amino acid
Phenylacetylglutamine NEG/POS 2.10 3.262 0.0188 amino acid
Glutamine NEG 1.98 2.560 0.0196 amino acid
Frontiers in Endocrinology | www.frontiersin.org
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POS, Positive; NEG, Negative; FC, Fold change; VIP, Variable important in projection.
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FIGURE 4 | Development of risk score for DR using the least absolute shrinkage and selection operator regularization (LASSO-LR) model. (A) Dotted vertical lines
were drawn at the optimal values with Lambda (log), by using the minimum criteria and the 1 standard error of the minimum criteria (the 1-SE criteria). (B) OPLS-DA
score plot of the analysis using selected metabolite. (C) Distribution of the risk score in the group. (D) Statistical analysis for distribution of risk score between DR
and NDR (****p<0.0001). (E) ROC curves were created to evaluate the power of risk score. (F) A linear correlation analysis between risk score and HbA1c levels.
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(20). The major pathway of histidine catabolism could proceed in
four steps to yield glutamate, with many functions, including the
development of DM (21). Our data are in accordance with
previous studies showing that purine metabolism plays a role in
the development of DR (22). Purines, the basic composition of
nucleotides in the process of cell proliferation, are associated with
various molecular functions, such as cell cycle regulation, signal
transduction and immune function. Uric acid, the final product of
purine metabolism, is an independent predictor of cardiac
allograft vasculopathy after heart transplantation (23).
Frontiers in Endocrinology | www.frontiersin.org 844
Additionally, uric acid has been reported to be a risk factor
related to extremity vasculopathy in T2DM (24). Riboflavin, a
water-soluble vitamin, is an essential nutrient in higher organisms
and is involved in oxidation-reduction reactions in many
metabolic pathways and in energy production in the respiratory
chain that occurs in the mitochondria. Impairment of flavin
homeostasis may lead to multisystem dysfunction, including
neuromuscular disorders and cardiovascular disease (25).
Moreover, diabetic patients have been reported to suffer from
riboflavin deficiency, and flavin imbalance plays a vital role in the
A

B

D

E F

C

FIGURE 5 | Development of risk score for PDR using the least absolute shrinkage and selection operator regularization (LASSO-LR) model. (A) Dotted vertical lines
were drawn at the optimal values with Lambda (log), by using the minimum criteria and the 1 standard error of the minimum criteria (the 1-SE criteria). (B) Statistical
analysis of pseudouridine, glutamate, leucylleucine and N-acetyltryptophan between PDR and not-PDR group (**p < 0.01; ***p < 0.001; ****p < 0.0001).
(C) Distribution of the risk score in the group. (D) Statistical analysis for distribution of risk score between PDR and not-PDR group (****p < 0.0001). (E) ROC curves
were created to evaluate the power of risk score. (F) A linear correlation analysis between risk score and HbA1c levels.
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appearance of DR (26). The above evidence indicates that
metabolic pathways may contribute to the process of DR.

Our results also showed that the pseudouridine gradient
increased in DR and PDR subjects. From screening and fitting
results based on LASSO-LR analysis, variable selection and
regularization were performed when fitting a generalized linear
curve. The variable profiling here mentions not setting all the
variables into the model for fitting but to selectively set the
variables into the model to obtain better performance parameters
to avoid overfitting (27). Through LASSO-LR based machine
learning methods, the optimal number of metabolites can be
screened from a large number of variables, and equations based
on these metabolites can be established. To our knowledge, there
has been no metabolomics research on the impact of
pseudouridine in patients who have undergone DR and disease
progression. It has generally been acknowledged that
pseudouridine, a fundamental metabolite, is a c-glycosyl
pyrimidine that consists of uracil having a beta-D-
ribofuranosyl residue attached at position 5. Pseudouridine is
also associated with RNAmodification (28), owing to the relative
abundance and inertness of the isomer compared with other
mNS in cells, and comprises approximately 5% of all cellular
RNA nucleotides (29). The unique structural properties of
pseudouridine contribute to the folding of tRNAs and rRNA,
and recent research suggests that pseudouridylation influences
the coding potential of mRNA. Recently, pseudouridine has been
identified and observed in the plasma, urine or tissue of cancer
patients with multiple malignancies, including prostate cancer
(30), hepatocellular carcinoma lymphoma (31), colorectal cancer
(32) and chronic kidney disease (33). Pseudouridine has also
been shown to be a novel diagnostic metabolic marker of heart
failure, which is similar to the observation of the Alexander D
team, who found that pseudouridine was elevated in dilated
cardiomyopathy patients (34). Besides, the relationship of
pseudouridine and the risk of diabetes had been disclosed.
Pseudouridine inhibits glucose utilization at the postreceptor
level through lowering the intracellular Ca concentration to
affect the progress ion of T2DM (35) , and plasma
pseudouridine predict both the risk and prevalence (36) and
insulin resistance of T2DM (37). Moreover, plasma
pseudouridine has been shown to be correlated with declining
renal function and albuminuria in diabetic kidney disease (38,
39), suggesting a close relationship between the level of plasma
pseudouridine and diabetic microangiopathy.

Glutamate, another metabolite that was shown to be associated
with DR and PDR in our work, is the most abundant and versatile
amino acid in the body. Under normal conditions, glutamate is
the principal excitatory neurotransmitter in the brain and is
involved in learning and memory (40). In addition, glutamate
may play a role in acute brain damage after traumatic brain
injury, cerebral ischemia and status epilepticus (41, 42), immune
system (43), the endocrine system (44), kidney and coronary
artery disease (45) and others. The roles of plasma glutamine acid
in DR and disease progression have not yet been illustrated.
However, some evidence has revealed their effect on the
development of DM and DM-related complications. Glutamate
Frontiers in Endocrinology | www.frontiersin.org 945
is significantly associated with the risk of developing T2DM (45,
46). In addition, other studies have suggested that DM is
accompanied by an accumulation of glutamate in the retina,
which causes neurotoxicity and the development of DR (47,
48), while glutamine is regarded as the most individual
metabolite for the presence of DR (49).

There were a few limitations in our study, one of which is its
small sample size with only 78 plasma samples applicable for
metabolomic analysis, which is unfavorable for investigating the
robustness of the model. Therefore, the sensitivity and specificity
of the diagnostic model should be assessed with an expanded
number of patients as well as in a prospective cohort. In addition,
the absolute concentration of candidate metabolites was not
quantified and validated in our study, making them difficult to
apply in the clinic.

In brief, liquid biopsy metabolomics could be applied to
discriminate metabolic subphenotypes of DR and disease
progression, with the identification and validation of
specific circulating discriminant metabolites. Based on the
aforementioned results, we were able to develop a risk score
according to the level of metabolites for DR and PDR. Further
investigations are required to quantitatively detect candidate
metabolites in an expanded cohort. Nevertheless, our work
demonstrated that this risk score based on molecular
signatures should enable the monitoring of the appearance of
disease and disease progression at an early stage.
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Background: Diabetic retinopathy (DR), one of the commonest microvascular
complications in diabetic patients, is featured by a series of fundus lesions.
Conventional Western medicine therapies for DR are always with modest treatment
outcome. This paper is to assess the ocular fundus signs, vision and safety of Chinese
patent medicines (CPMs) as an add-on treatment for DR.

Method: 7 electronic databases were searched to determine eligible trials. Randomized
controlled trials (RCTs) of non-proliferative diabetic retinopathy (NPDR) in which the
intervention group received CPMs combined with calcium dobesilate (CD), and the
control group received only CD were included for analysis. Two reviewers extracted
the data independently. Results expressing as mean differences (MD) and relative risks
(RR) were analyzed with a fixed-effects or random-effects models.

Results: 19 RCTs involved 1568 participants with 1622 eyes met our inclusion criteria.
The results suggested that compared with CD alone, CPMs plus CD for NPDR was
superior at reducing the microaneurysm volume (MD -3.37; 95% confidence interval
[CI], -3.59 to -3.14), microaneurysm counts (MD -2.29; 95%CI -2.97 to -1.61),
hemorrhage area (MD -0.79; 95%CI -0.83 to -0.75), and macular thickness (MD
-59.72; 95%CI -63.24 to -56.20). Participants in CPMs plus CD group also achieved a
better vision. No obvious adverse events occurred.
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Conclusion: CPMs as an add-on therapy for NPDR have additional benefits and be
generally safe. This meta‐analysis demonstrated that CPMs combined with CD could
improve retinal microaneurysm, hemorrhage, macular thickness, visual acuity, fasting
blood glucose (FBG), and glycosylated hemoglobin (HbAlc) compared with CD alone.
Further studies are needed to provide more conclusive evidence.

Systematic Review Registration: PROSPERO https://www.crd.york.ac.uk/prospero/,
identifier CRD42021257999.
Keywords: chinese patent medicines, efficacy, non-proliferative diabetic retinopathy, randomized controlled trials
(RCT), calcium dobesilate
HIGHLIGHTS

1. CPMs as an add-on therapy showed clinically and statistically
significant reductions in microaneurysm, hemorrhage,
macular thickness, visual acuity, FBG, and HbAlc for NPDR.

2. The outcomes can evaluate the therapeutic effects of CPMs in
the treatment of NPDR objectively, indicating that CPMs
might be used as a complementary and alternative approach
to prevent, delay and reverse DR progression.
INTRODUCTION

In parallel with the soaring prevalence of diabetes mellitus (DM)
to an epidemic proportion (1), the incidence of diabetic
retinopathy (DR) is inevitably increasing. A meta-analysis that
included 35 epidemiological studies around the world showed
that the prevalence of DR was as high as 34.6% among diabetic
patients, respectively (2). In China which is home to the largest
number of people with DM in the world, DR incidence fluctuated
dramatically by region between 7.4% and 43.1%, and after 10 to
20 years, the incidence will increase to 54% (3–6). DR, a common
retinal microvascular complication of DM, is responsible for
progressive vision impairment and ultimately blindness (7). The
quality of life, psychological aspects, as well as social behavior are
irreversibly and seriously affected in patients with sight-
threatening retinopathy. Moreover, apart from diabetic
medication, patients with DR also need fundus examination
and treatment resulting in substantial social and economic
burden, which increases with retinopathy severity and visual
impairment (8, 9).

According to the international staging system, DR is mainly
divided into non-proliferative diabetic retinopathy (NPDR)
characterized by microaneurysms, retinal dot and blot
hemorrhages, hard exudates or cotton wool spots and
proliferative diabetic retinopathy (PDR) characterized by
neovascularization, vitreous or preretinal hemorrhages identified
in fundoscopic examination (10, 11). The main therapeutic
strategies for NPDR involve control of risk factors and
microcirculation improvement. In this stage, screening and early
effective intervention can prevent or delay the occurrence of the
n.org 249
disease and avoid severe loss of vision.While PDR is usually treated
with anti-vascular endothelial growth factor (VEGF) agents, laser
and surgery (10, 12). Calcium dobesilate (CD), registered in more
than 20 countries, is an established vasoactive and angioprotective
drug that has been prescribed as the routine medication for decades
to patients with NPDR to ameliorate microcirculatory disturbance
(12, 13). As detailed in the meta-analysis study published in 2015,
CD can reduce the hyperviscosity of blood, inhibit the synthesis
and release of platelet aggregator, and improve retinal
microangioma and hemorrhage (14). However, some patients did
not benefit from CD treatment alone (15).

From another perspective, as the most important part of
traditional Chinese medicine (TCM), Chinese patent medicines
(CPMs), widely and conveniently used in clinical practice by TCM
or non-TCM persons, are always based on well‐established and
long‐standing prescriptions to meet the demands of TCM for
syndrome differentiation. Remarkable progress has been made
toward the treatment of DM and its complications with CPMs
(16–18). In recent years, several RCTs indicated that CPMs as an
adjunct therapy can enhance the therapeutic efficacy (e.g.
improving ocular fundus signs including microaneurysm,
hemorrhage and macular thickness, and vision) of CD (19, 20).
Nevertheless, for now, there has been no systematic review data
available concerning the ocular fundus signs, vision and safety of
CPMs in combination with CD in treating NPDR. Therefore, we
conducted a meta-analysis to evaluate the ocular fundus signs,
vision and safety of CPMs as an adjunct therapy for the treatment
of NPDR to provide high-quality evidence to help clinicians select
better treatment strategy.
METHODS

This study complied with the Preferred Reporting Project
(PRISMA) (21) statement for systematic reviews and meta-
analysis and was registered through PROSPERO (PROSPERO
Registration number: CRD42021257999).

Search Strategy
We comprehensively searched the following databases from their
start date to the present (up to 30 May 2021) and updated the
search on 29 January 2022 to obtain more up-to-date and
comprehensive evidence: PubMed, Embase, Cochrane Library,
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Wanfang database, Weipu database, China National Knowledge
Infrastructure, Chinese biomedical literature database and clinical
trial registration centers, such as ChiCTR and clinical Trials.gov.

To fully retrieve eligible studies, a combination of Medical
subject headings (MeSH) and free text words were used. English
search terms include: (Diabetic Retinopathy OR Diabetic
Retinopathies OR Retinopathies, Diabetic OR Retinopathy,
Diabetic) AND [Calcium Dobesilate OR Dobesilate, Calcium
OR Dobesilate Calcium OR Calcium, Dobesilate OR 2,5-
Dihydroxybenzenesulfonate OR 2,5 Dihydroxybenzenesulfonate
OR 2 , 5 -D ihyd roxybenz ene su l f on i c Ac i d OR 2 , 5
Dihydroxybenzenesulfonic Acid OR Doxium OR Calcium
Dobesilate Monoammonium Salt OR Calcium Dobesilate
Monopotassium Salt OR Dexium OR Dobica OR Calcium
Dobesilate (1:1)] AND (danshen OR dan shen OR
xueshuantong OR xue shuan tong OR qiming OR qi ming OR
qijudihuang OR qi ju di huang OR shuangdanmingmu OR shuang
dan ming mu). All titles and abstracts of articles were then
separately screened by two authors (Yuehong Zhang, Xuedong
An). Any discrepancies in extraction were resolved
through discussion.

Study Selection
The Inclusion Criteria Were as Follows

1. The study included the patients who suffered from NPDR in
accordance with international or domestic diagnostic criteria.

2. CD in combination with CPMs was used as an intervention,
and CD alone was used as a control. Both groups received
basic treatment (eg, glycemic control, blood pressure control
and lipid modulation).

3. The outcomes included microaneurysm, hemorrhage,
macular thickness, visual acuity, FBG, HbAlc, as well as
adverse events (AEs).

4. We merely included trials whose treatment duration
continued for 12 weeks or more.

5. The study design was a two-arm, randomized controlled trial.
The Exclusion Criteria Were as Follows

1. Non-randomized controlled clinical trials.
2. Studies with a treatment duration of less than 12 weeks.
3. Duplicate publication, only abstract or lack of outcome data

and no access to obtain the full text.
Data Extraction
The relevant information was extracted independently by 2
authors (Yuehong Zhang, Xuedong An). The details included
title, authors, year published, duration of disease, sample size,
age, gender, outcome indicators, intervention and control,
intervention time, and AEs. Discrepancies were settled by
consensus or third-party adjudication (Fengmei Lian).

Quality Assessment
Two authors (Yuehong Zhang, Xuedong An) independently
evaluated risk of bias of each of all included RCTs using the
Frontiers in Endocrinology | www.frontiersin.org 350
Cochrane Bias Risk Tool (CRBT) (22). This tool includes
random sequence generation, allocation concealment, blinding,
incomplete outcome data, selective reporting, and other biases.
The results of the assessment were expressed as low bias risk,
high bias risk and unclear bias risk.

Statistical Analysis
RevMan5.4 software provided by the Cochrane collaboration
network was used for system evaluation and meta-analysis. The
heterogeneity of the included studies was assessed using the I2

statistics. I2 < 50% indicates that heterogeneity is reasonable
among the groups, thus the fixed-effect model is adopted for
analysis; otherwise, a random-effects model will be applied.
Mean differences (MDs) were employed in continuous
variables. All effect quantities were reported with 95% CI, and
P ≤0.05 was considered a significant statistical difference. We
also examined potential publication bias by constructing a funnel
plot according to the Cochrane Handbook.
RESULTS

A total of 592 articles was retrieved by searching the literature
databases, and via a search of clinical trial registries, we retrieved
5 records. After 351 duplicated studies were excluded, 241
studies remained. According to the understanding of the titles,
abstracts, or summaries, we eliminated 138 articles that were not
randomized, controlled trials, or the trial participants and the
interventions did not meet our inclusion criteria. Then, after
reading the full-text reading, 84 articles that full texts could not
be retrieved, outcome data were missing, or the intervention did
not match the criteria for integration strategies were deemed
unsuitable and were therefore excluded. Finally, 19 trials were
included in the present study (23–41). The specific literature
screening and selection is shown in Figure 1.

A total of 1568 patients with 1622 eyes in the 19 RCTs met the
inclusion criteria (23–41) (Table 1). The application of the
treatment was assigned to two groups, control group (n=782,
809 eyes) that was treated with CD and intervention group
(n=786, 813 eyes) that was treated with CPMs including
Compound Xueshuantong (CX), Compound Danshen
Dripping Pill (CDDP) and Shuangdan Mingmu Capsule
(SMC) in combination with CD.

Hypoglycemic therapy was concomitantly administered to
both groups to control glycemia. All 1568 patients were treated
for at least 3 months. 8 studies (24, 29, 30, 33, 35, 36, 40, 41)
mentioned the generation of random sequences (used random
number tables), 2 RCTs (32, 34) used a semi-randomization
method, and participants were assigned according to the visiting
sequence, the remaining 9 RCTs (23, 25–28, 31, 37–39) referred
to “random” but no method in detail. No study clearly
mentioned the allocation concealment or the use of blind
method, thus, all of them were judged to be at high or unclear
risk of bias concerning the 2 items. None of the studies described
the number of dropouts or lost to follow-up cases. We
considered most studies to be at of low risk of reporting
bias (Figure 2).
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Microaneurysm Volume
A total of 15 RCTs (23, 24, 26–28, 30–34, 37–41) with 1241 eyes
provided data for microaneurysm volume. There was no
significant heterogeneity reported, and a fixed-effects model
was used. Meta-analysis result showed that CPMs combined
with CD was significantly superior to control group in reducing
microaneurysm volume (n=1241, MD -3.37, 95% CI -3.59 to
-3.14), and the difference had statistical significance (P <
0.00001). According to the different CPMs, subgroup analysis
was performed. 11 studies (23, 26, 28, 30, 31, 33, 34, 37–39, 41)
reported the information of CX concerning the reduction of
microaneurysm volume. The results revealed that a statistically
significant decrease in microaneurysm volume with CX plus CD,
compared to the CD group (n=965, MD -3.62, 95% CI -3.95 to
-3.30). There was also a significant difference between the
subgroups of the CDDP plus CD and CD groups (24, 27, 32,
40) (n=276, MD -3.14, 95% CI -3.45 to -2.83) (Figure 3A).

Microaneurysm Counts
2 RCTs (25, 36)reported the number of microaneurysm to be the
outcome. A fixed-effects model was used to analyze the
dependent variables according to the heterogeneity without
significant difference. Pooled analysis showed a statistically
significant decrease in microaneurysm counts with CMPs plus
CD group, compared to the CD group (n=175, MD -2.29, 95%
CI -2.97 to -1.61) (Figure 3B).

Hemorrhage Area
No significant heterogeneity was exhibited within 17 RCTs (24–
39, 41) with available hemorrhage area data. Hence, we applied the
Frontiers in Endocrinology | www.frontiersin.org 451
fixed effect model. The results showed that hemorrhage area of
CMPs in combination with CD in the treatment of NPDR was
significantly smaller than that of CD alone (n=1462, MD -0.79, 95%
CI -0.83 to -0.75). Subgroup analyses revealed that the pooled mean
difference of hemorrhage area reduction was -0.77 mm2 (n=1070,
95%CI -0.82 to -0.72, P<0.00001) between CX plus CD and CD
alone groups (25, 26, 28, 30, 31, 33, 34, 36–39, 41). In the CDDP
combined with CD group versus the CD alone subgroup, 4 trials
(24, 27, 32, 35) reported the hemorrhage area data. There was also a
significant difference between the 2 groups (n=272, MD -0.80, 95%
CI -0.88 to -0.72, P<0.00001). In 1 RCT (29) of SMC, results
indicated that there was statistical difference (n=120, MD -0.92, 95%
CI -1.05 to -0.79, P<0.00001) (Figure 4).

Macular Thickness
17 included studies (23–33, 35–39, 41)compared the effect of CPMs
and CD on macular thickness. Significant heterogeneity was found
(P < 0.00001, I2 = 90%), so a random effect model was used. The
pooled mean differences of macular thickness reduction were
-59.72mm (n=1440, 95% CI -63.24 to -56.20, P < 0.00001), and
-61.15mm (n=1048, 95% CI -64.16 to -58.14, P < 0.00001),
-60.37mm (n=272, 95% CI -69.66 to -51.07, P < 0.00001) and
-48.94mm (n=120, 95% CI -53.32 to -44.56, P < 0.00001) for the CX
plus CD and CD alone groups (23, 25, 26, 28, 30, 31, 33, 36–39, 41),
the CDDP plus CD and CD alone groups (24, 27, 32, 35) and the
SMC plus CD and CD alone groups (29), respectively (Figure 5).

Visual Acuity
2 RCTs (24, 27) provided specific information concerning the
improvement of visual acuity. Significant heterogeneity was not
FIGURE 1 | The screening process summarized in a flow diagram.
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observed between these RCTs. A fixed-effect model revealed that
the CPMs group was statistically different than the CD group in
decreasing the visual acuity (n=116, MD 0.15, 95% CI 0.10 to
0.20, P < 0.00001) (Figure 6).
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FBG
4 trials (27, 30, 32, 34) provided the data concerning the FBG.
The pooled effect was generated using a random-effects model
because of the significant heterogeneity. The results showed
TABLE 1 | Basic characteristics of included studies.

Study ID Sample
size
(eyes)

Gender M/F; Age, yr Disease course Intervention
time(month)

Main
indicators

Method of
random allocation

Intervention group Control group Intervention
group

Control group

An 2020 (23) 70 (70) 19/16;51.17 ± 17.83 20/15;52.12 ± 15.76 3.71 ± 1.31, yr 3.51 ± 1.44, yr 3 A,D Random grouping
Bai 2017 (24) 76(76) 20/18;62 21/17;51 N N 4 A,C,D,E Random number

table method
Chai 2018 (25) 107(107) 32/22;61.11 ± 6.01 30/23;61.19 ± 6.03 2.77 ± 0.32, yr 2.79 ± 0.30, yr 3 B,C,D Random grouping
Chen 2019 (26) 78(78) 21/18;59.34 ± 3.27 20/19;58.17 ± 3.82 2.24 ± 1.08, yr 2.38 ± 1.14, yr 3 A,C,D,E Random grouping
Huang 2020 (27) 40(40) 9/11;53.16 ± 2.26 10/10;52.16 ± 2.45 N N 4 A,C,D,E,F,

G
Random grouping

Li 2018 (28) 60(60) 18/12;56.68 ± 2.52 17/13;55.72 ± 2.31 35.49 ± 1.04, mo 35.91 ± 1.23, mo 5 A,D Random grouping
Liu 2019 (29) 120(120) 33/27;57.54 ± 8.11 32/28;57.10 ± 9.26 10.46 ± 8.16, yr 10.46 ± 8.16, yr 4 C,D Random number

table method
Ma 2018 (30) 54(68) 16(19)/11(15); 53.02

± 4.13
15(20)/12(14);53.08

± 4.25
3.51 ± 0.30, yr 3.67 ± 0.75, yr 5 A,C,D,E,F,

G
Random number
table method

Pei 2015 (31) 64(64) 17/15;56.4 ± 2.1 16/16;55.3 ± 1.2 35.8 ± 1.3, mo 40.2 ± 1.4, mo 5 A,C,D Random grouping
Ruan 2017 (32) 70(70) 18/17;52.5 ± 1.1 20/15;52.8 ± 1.7 N N 4 A,C,D,E,F,

G
According to the
order of visit

Wang 2020 (33) 86(86) 25/19;69.52 ± 7.11 23/19;68.35 ± 6.82 3.14 ± 1.45, yr 3.05 ± 1.32, yr 5 A,C,D Random number
table method

Wu 2018 (34) 72(92) 20(26)/16(20); 52.97
± 4.17

20(26)/16(20); 52.97
± 4.17

3.47 ± 0.81, yr 3.47 ± 0.81, yr 3 A,C,D,F,G According to the
order of visit

Xu 2019 (35) 86(86) 24/19;53.11 ± 4.41 25/18;53.06 ± 4.39 N N 4 A,C,D Random number
table method

Yu 2017 (36) 68(68) 19/15;57.4 ± 8.3 17/17;58.1 ± 7.9 33.6 ± 2.7, mo 33.8 ± 2.6, mo 3 B,C,D Random number
table method

Zhang 2020a (37) 200(220) 60(68)/40(42); 53.86
± 4.27

60(68)/40(42); 53.86
± 4.27

3.48 ± 0.90, yr 3.48 ± 0.90, yr 12 A,C,D Random grouping

Zhang 2020b (38) 80(80) 23/17;53.60 ± 5.20 24/16;53.30 ± 5.60 3.20 ± 1.60, yr 3.10 ± 1.50, yr 3 A,C,D Random grouping
Zhao 2019 (39) 87(87) 22/22;53.66 ± 5.49 22/21;53.71 ± 5.52 N N 6 A,C,D Random grouping
Huang 2021a (40) 90(90) 28/17;67.5 ± 5.30 29/16;67.30 ± 5.10 2.60 ± 1.20 2.40 ± 1.10 6 A,G Random number

table method
Huang 2021b (41) 60(60) 17/13; 52.85 ± 6.38 18/12; 51.86 ± 6.16 3.21 ± 0.66 3.18 ± 0.72 5 A,C,D Random number

table method
March 20
22 | Volume
A, Microaneurysm Volume; B, Microaneurysm counts; C, Hemorrhage area; D, Macular thickness; E, Visual acuity; F, FBG; G, HbAlc.
FIGURE 2 | Quality assessment of the included trials-Risk of bias graph.
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FIGURE 4 | Forest plots of comparison of ocular fundus signs for CPMs plus CD versus CD alone. Hemorrhage area.
A

B

FIGURE 3 | Forest plots of comparison of ocular fundus signs for CPMs plus CD versus CD alone. (A) Microaneurysm volume, (B) Microaneurysm counts.
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that FBG in CX combined group presented significantly lower
than the CD group (30, 34) (n=140, MD -1.39, 95% CI -1.78 to
-1.00, P<0.00001). Significant reduction was also found
between the subgroups of the CDDP Combined group and
CD group (27, 32) (n=110, MD -0.80, 95% CI -1.59 to -0.00,
P<0.00001) (Figure 7A).

HbAlc
5 trials (27, 30, 32, 34, 40) reported HbAlc data. As we found no
heterogeneity among them, the fixed-effects model was selected.
A pooled analysis of 2 trials (30, 34) showed a statistically
significant decrease in HbAlc with CX combined group,
compared to the CD group (n=140, MD -1.24, 95% CI -1.89 to
-0.60, P=0.0002). HbAlc was also significantly lower in CDDP
combined group versus CD group (27, 32, 40) (n=200, MD -0.99,
95% CI -1.09 to -0.89, P<0.00001) (Figure 7B).

Adverse Events
Of the 19 studies (23–41), 6 reported no evident adverse reaction
(24, 29–32, 35). 5 trials (23, 33, 38, 40, 41) showed that there was
no significant difference in AEs between the CPMs plus CD and
Frontiers in Endocrinology | www.frontiersin.org 754
CD groups (n=370, RR 0.99, 95% CI 0.54 to 1.82) Figure 8.
Adverse reactions in both groups were mainly concerned with
stomach discomfort, nausea and decreased appetite.

Publication Bias
Funnel plots of microaneurysm volume was shown in Figure 9.
Shape of the funnel plots was not completely symmetrical,
suggesting probable publication bias. The following factors
were linked with publication bias: positive results are easier to
publish than negative results; the small sample size of the
included studies brings a small sample effect.
DISCUSSION

Once patients have entered the stage of advanced DR, they are
more susceptible to developing more severe forms of the disease
such as macular edema, vitreous hemorrhage and retinal
detachment. Even with surgical intervention, visual function
suffers serious damage. Therefore, the early diagnosis of DR
and adequate initiating therapy are essential, which remain a
FIGURE 6 | Forest plots of comparison of visual acuity for CPMs plus CD versus CD alone.
FIGURE 5 | Forest plots of comparison of ocular fundus signs for CPMs plus CD versus CD alone. Macular thickness.
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challenge (42). Telemedicine seems to be a worthy alternative,
which can provide an easy, smart specialist fundus oculi
examination, especially in times of pandemic, to bring the
specialist closer to clinical centers allowing screening and
follow-up of DR (43, 44). The other way round, screening for
an early-stage diagnosis of DR allows not only to avoid the risk of
severe vision loss but also to estimate high cardiovascular disease
Frontiers in Endocrinology | www.frontiersin.org 855
risk in diabetic patients (45), particularly if associated with
additional important forms of diabetic microangiopathies, such
as albuminuria (46).

As for therapy, the past decades have witnessed significant
advances in the treatment options for DR. CD, as the most
widely accepted oral vascular protective agent for NPDR,
contributes a lot to the successful management in arresting or
FIGURE 8 | Forest plots of comparison of adverse events for CPMs plus CD versus CD alone.
A

B

FIGURE 7 | Forest plots of comparison of blood sugar for CPMs plus CD versus CD alone. (A) FBG, (B) HbAlc.
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reversing the progression of the disease. The possible protective
mechanisms of CD responsible for DR are mainly achieved by
decreasing retinal albumin leakage and capillary permeability,
suppressing oxidative stress, inhibiting aldose reductase (47–49).
However, in parallel, TCM, as an adjuvant therapy option has
gotten more and more attention among the public for its
remarkable effects in clinical practice. It states that the
occurrence of diseases is due to the imbalance of Yin, Yang, Qi
and Blood, and CPMs are prescribed accordingly to rebuild
that balance.

Previous studies have proven that CPMs are a safe and
effective therapeutic option in NPDR treatment (18, 50, 51).
Our research team has completed a controlled trial enrolled with
223 NPDR patients indicating that significant effect was observed
in CDDP (composed of three herbs: Salvia miltiorrhiza, Panax
notoginseng and Borneol) treated group (18). We find that at 24
weeks, for the fluorescein fundus angiography, the percent of
“Excellent” and “Effective” in the high-dose and mid-dose CDDP
groups (540mg, 3 times/day) was 74% and 77%, respectively, that
is significantly higher than 28% in the placebo group (P<0.001)
(18). CDDP may exert its action mainly by improving retinal
microcirculation and alleviating retinal tissue ischemia observed
in an animal study (52). In the meantime, the research has also
revealed that CDDP improved retinal damage in diabetic rats
through attenuating oxidative injury (52). CX with daily doses
used in therapy range from 1.5g up to 4.5g per day consists of
four herbs including Panax notoginseng, Salvia miltiorrhiza,
Astragalus membranaceus and Scrophulariae Radix. It
counteracts DR may be related to the HIF-1 pathway, TNF
pathway, VEGF pathway and Hippo pathway (53–55), thereby
improving retinal hypoxic microenvironment, retinal
inflammation and vascular proliferation. On the other hand,
CX causes the hemodynamics and morphological alterations in
diabetic rat retinas, which may via regulating the PPAR pathway
Frontiers in Endocrinology | www.frontiersin.org 956
and complement and coagulation cascades (56). SMC based on
Chinese ancient prescriptions named Liuwei Dihuang Pill and
Erzhi Pill is composed of Ligustrum lucidum Ait., Eclipta
prostrata, Cornus officinalis Sieb, Dioscorea polystachya
Turczaninow, Salvia miltiorrhiza Bunge, Panax notoginseng,
Paeonia suffruticosa Andr., Alismatis Rhizoma, Poria cocos
(Schw.), Smilax glabra Roxb. and Achyranthes bidentata Blume.
The usual dose of SMC is a 2 g single dose three times daily for 4
months. As to the underlying mechanisms of SMC in the
treatment of DR may be bound up with the down-regulation
of the expressions of hypoxia-inducible factor 1a (HIF-1a) and
nuclear factor‐bK (NF‐kB), as well as an attenuation of oxidative
stress-induced apoptosis of pericytes through PARP/GAPDH
pathway and inhibition of retinal angiogenesis via Ras pathway
consequently exerting retinal tissue-protective effects (57–59).
The major mechanisms involved in the treatment of DR with
CPMs mentioned above are shown in Figure 10. Additionally, it
was shown that all these CPMs contained Salvia miltiorrhiza and
Panax notoginseng, so the information can be used to support
further single herb studies.

Effectiveness and Safety of CPMs
Combined With CD for NPDR
The aim of this meta-analysis was to assess the ocular fundus
signs, vision and safety of CPMs as an adjuvant therapy for DR.
19 studies (23–41)with 1622 eyes meet the criterion. The results
demonstrated that CPMs provided additional benefits for the
NPDR population, which displayed a significant improvement in
ocular fundus signs including microaneurysm volume/counts,
hemorrhage area and macular thickness as well as visual acuity,
FBG and HbAlc compared to CD alone. The effects of the
combination of CPMs and CD may be related to their
mechanisms of the synergistic effect between the two drugs,
which remain to be further studied.
FIGURE 9 | Funnel plot of the trials that compared CPMs plus CD group with CD group; Microaneurysm volume.
March 2022 | Volume 13 | Article 799337

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Chinese Medicines for Diabetic Retinopathy
The data to the analyses on treatment-associated AEs was
provided in 5 (23, 33, 38, 40, 41) out of 19 studies (23–41).
Stomach discomfort, nausea and appetite loss were the manly
common AEs. Meta-analysis results were basically consistent
with relevant study results with no significant differences
between the two groups, demonstrating that a combination of
CPMs and CD is safe for the treatment of DR. However, due to
lack of long-term follow-up data, long-term efficacy and safety
could not be determined. Thus, the safety of the combination
with CPMs and CD still needs to be observed.

Description of the Outcomes
NPDR, the early stage of DR, is often asymptomatic and mostly
accompanied by microaneurysms and hemorrhages as the ocular
fundus signs (60). Microaneurysms, the signature lesion of NPDR,
appear as dilations of capillaries on the fundus that is widely
performed to measure the severity of DR and assess the risk of
future DR progression (61). Hemorrhage resulting from the
rupture of microaneurysms is another essential diagnostic
criterion to assess the severity level of DR (11). Therefore,
microaneurysms and hemorrhage can be used as suitable
indicators to evaluate drug effects. The macula is particularly
prone to fluid accumulation leading to macular edema which is
the abnormal thickening of the macula (62). This thickening always
threatens or actually causes vision loss. Thus, it is particularly
important to evaluate macular thickness. The main causative
Frontiers in Endocrinology | www.frontiersin.org 1057
pathogenic factor in the progression of DR is hyperglycemia, and
better glycemic control may be beneficial in reducing the incidence
of DR and increasing the odds of improvement of DR (14). In our
study, CMPs as an add-on therapy for NPDR could better control
the FBG and HbAlc of the subjects. However, significant
heterogeneity remained in the CDDP subgroups under the
heading of FPG, several potential causes could be associated with
the severity of disease and different hypoglycemic agents with
different pharmacokinetic parameters.

Potential Limitations of the Study
Several limitations of our study have to be acknowledged. First,
none of the 19 articles (23–41) provided a complete trial protocol,
making the data questionable in terms of standardization and
transparency. Second, only 8 literature (24, 29, 30, 33, 35, 36,
40, 41) reported that participants were randomized using table of
random numbers, more than half of the studies did not state the
randomization process, which exposed the results to selection bias.
Third, none of the 19 studies (23–41) mentioned how allocation
concealment or blindingwasperformed, andparticipantswithdraw
and drop out, which may result in selection bias, information bias
and publication bias. Fourth, the included populations were all
Asian populations, and no studies of CPMs on other races were
retrieved, thus the efficacyofCPMs combinedwithCDonNPDR in
other races is unknown. Since the concern in methodological
quality, multicenter, large-sample, well‐designed RCTs following
FIGURE 10 | The major underlying mechanisms involved in the treatment of DR with CPMs (CX, CDDP and SMC). Chinese patent medicines (CPMs); Compound
Xueshuantong (CX); Compound Danshen Dripping Pill (CDDP); Shuangdan Mingmu Capsule (SMC); tissue plasminogen activator (t-PA); plasminogen activator
inhibitor (PAI); fibrinogen (FIB); peak systolic velocity (PSV); end diastolic velocity (EDV); mean velocity (MV); resistance index (RI); pulsatility index (PI); glutathione
peroxidase (GSH-PX); malondialdehyde (MDA); hypoxia-inducible factor 1a (HIF-1a); nuclear factor-kB (NF‐kB).
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the Consolidated Standards of Reporting Trials (CONSORT)
guidelines (63) are needed.
CONCLUSION

In summary, combination therapies hold great potential forNPDR.
Compared with the use of CD alone, CPMs (CX, CDDPOR SMC)
plus CD has additional benefits in the treatment of NPDR,
especially in ocular fundus signs involving microaneurysm,
hemorrhage and macular thickness, and visual acuity. It also had
advantages in the reduction of FBG and HbAlc without serious
adverse reactions. These effects largely arrest progression ofDRand
save vision efficaciously. However, due to the moderate study
quality and possible publication bias, the results should be treated
with caution. In the future, large-scale RCTs with powerful study
design are desired to provide a higher grade of evidence.
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Diabetic retinopathy (DR) is an important complication with a high incidence of 34.6% in
the diabetic populations. DR could finally lead to vision impairment without effective
interventions, during which, diabetic macular edema (DME) is a key phase causing visual
loss. Up to date, antivascular endothelial growth factor (anti-VEGF) therapy is the first-line
treatment for DME which has achieved relatively better clinical outcomes than traditional
treatments. However, there are several kinds of anti-VEGF medicines, and patients are
sensitive to different anti-VEGF treatments. In addition, its effectiveness is unstable.
Considering the patients’ need to accept continual anti-VEGF treatments and its price
is comparatively high, it is clinically important to predict the prognosis after different anti-
VEGF treatments. In our research, we used the demographic and clinical data of 254 DME
patients and 2,763 optical coherence tomography (OCT) images from three countries to
predict the fundus structural and functional parameters and treatment plan in 6 months
after different anti-VEGF treatments. Eight baseline features combined with 11 models
were applied to conduct seven prediction tasks. Accuracy (ACC), the area under curve
(AUC), mean absolute error (MAE), and mean square error (MSE) were respectively used
to evaluate the classification and regression tasks. The ACC and AUC of structural
predictions of retinal pigment epithelial detachment were close to 1.000. The MAE and
MSE of visual acuity predictions were nearly 0.3 to 0.4 logMAR. The ACC of treatment
plan regarding continuous injection was approaching 70%. Our research has achieved
great performance in the predictions of fundus structural and functional parameters as well
as treatment plan, which can help ophthalmologists improve the treatment compliance of
DME patients.

Keywords: diabetic macular edema, optical coherence tomography, visual acuity, clinical effectiveness,
prognosis prediction
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INTRODUCTION

Diabetes is a global public health issue (1). According to
published results, 1 in 11 adults had diabetes worldwide in
2015, and the diabetic population will increase to 642 million
by 2040 (2–4). Diabetic retinopathy (DR) is an important
complication with a high incidence of 24.7% to 37.5% in the
diabetic populations (5). DR could gradually progress and finally
lead to vision impairment without effective intervention, during
which diabetic macular edema (DME) is a key phase causing
visual loss. The morbidity of DME is 3.1% to 7.9% in the diabetic
populations, and most of them need prompt and effective
treatment to avoid severe visual impairment (6).

Up to date, antivascular endothelial growth factor (anti-
VEGF) therapy is the first-line treatment for DME and has
achieved relatively better clinical outcomes than traditional
treatments of retinal photocoagulation and surgery (7–9).
There are several kinds of anti-VEGF medicines, involving
bevacizumab, ranibizumab, aflibercept, and so on. However,
patients are sensitive to different anti-VEGF treatments and its
effectiveness is unstable (10–12). Considering that patients need
to accept repetitive anti-VEGF treatments and its price is
comparatively high, it is clinically important to predict the
prognosis after different anti-VEGF treatments (13, 14).

In our study, we established intelligent models for fundus
structural and functional predictions of DME patients after
different anti-VEGF treatments. Based on the multinational
data, we applied several algorithms to predict the functional
parameter of visual acuity (VA), structural parameters of central
retinal thickness (CRT) and other four parameters, and clinical
advice of continuing injection (CI) 6 months in advance. Our
models have achieved great performance in different prediction
tasks, which can help ophthalmologists make treatment plans for
DME patients and provide research basis for other retinopathies.
MATERIALS AND METHODS

The data were downloaded from the open dataset provided by
the Asia Pacific Tele-Ophthalmology Society (APTOS) and the
Department of Ophthalmology, Qilu Hospital, Shandong
University, from October 2018 to May 2021. The APTOS data
were applied to train and test the models. The Qilu data were
applied for external validation. Our ethics committee ruled that
written informed consent was not required because our study
was retrospective in nature and all the images were fully
anonymized. Moreover, this study adhered to the tenets of the
Declaration of Helsinki (2020KYPJ024).
DATA COLLECTION

The APTOS data were obtained from the Rajavithi Hospital of
Thailand and the Aravind Eye Hospital of India, then labeled by
the Zhongshan Ophthalmic Center of China. The Qilu data were
extracted from the clinical records. Only patients diagnosed with
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DME and accepting anti-VEGF treatments are enrolled. The
inclusion criteria were as follows (1): aged greater or equal to 18
years; (2) diagnosed with DME; and (3) accepting consecutive
monthly anti-VEGF therapy of bevacizumab, aflibercept,
conbercept, ranibizumab, or combination for 6 months. The
exclusion criteria were as follows: (1) presence of any other
retinal diseases including age-related macular degeneration
(AMD), retinal vein occlusion (RVO), polypoidal choroidal
vasculopathy (PCV), and so on; (2) low image quality caused
by media opacities; or (3) an abnormal signal strength index of
images. The follow-up points were at 6 months after anti-
VEGF therapy.

The demographic information of age and gender were
recorded. Pretherapeutic visual acuity (pre-VA) and visual
acuity (VA) after anti-VEGF therapy for 6 months were tested.
Based on the optical coherence tomography (OCT) of patients
before and after anti-VEGF therapy, five imaging characteristics
of central retinal thickness (CRT), and presence of retinal
interlayer fluid (RIF), subretinal pigment epithelium fluid
(SRF), retinal pigment epithelial detachment (PED), and
retinal hyperreflexia (RHF) were measured and recorded by
ophthalmologists with clinical work experience of more than 5
years. The clinical decision label of suggesting continuous
injection (CI) of anti-VEGF medicine was made based on its
therapeutic effect after 6 months according to changes of VA and
imaging characteristics, which was labeled by professors with
clinical work experience of more than 10 years. As the
appearance and treatment of binocular DME are usually
asynchronous, we treated each eye as a separate case in
data collection.
MODEL TRAINING AND EVALUATION

The research procedure is shown in Figure 1. Eight parameters
were applied to train the prediction models, including age,
gender, pre-VA, pre-CRT, pre-RIF, pre-SRF, pre-PED, and
pre-RHF at baseline. Five classification prediction models were
constructed to predict the CI and the presence of RIF, SRF, PED,
and RHF. Six regression prediction models were established to
predict VA and CRT 6 months in advance.

The classification prediction models included classical
random forest (RF), generalized regression neural network
(GRNN), probabilistic neural network (PNN), extreme
learning machine (ELM), and support vector machine (SVM)
modeling. Also, their classification performances were evaluated
by classification accuracy (ACC) and area under the curve
(AUC). ACC is defined as the proportion of the sum of true-
positive samples (TP) and the true-negative samples (TN) to the
total number of samples (N) to be predicted, as follows,

ACC  =  
TP + TN

N
:

AUC represents the area under the ROC curve, and AUC
takes values between 0 and 1, where a larger AUC indicates a
better model performance.
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The regression prediction models contained RF, ordinary
least squares (OLS), back propagation (BP) network, ELM,
radial basis function (RBF) network, and support vector
regression (SVR) modeling. The prediction performances of
regression models were quantified with the mean absolute
error (MAE) and root mean square error (RMSE). The MAE is
defined as the average value of the absolute error of the
prediction results, which directly reflects the deviation of the
predicted values from the actual values, as follows,

MAE  =  
1
No

N
i=1 eyi − yij j,
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where eyi and yi represent the model prediction value and the real
value for the ith sample, respectively. The RMSE is the square root
of mean square error (MSE), which is calculated as the average
value of the square of the error of the prediction results, as follows,

RMSE  =  

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
No

N
i=1 eyi − yið Þ2

r
:

RESULTS

Of 216 patients, 335 eyes were included from APTOS data and
38 eyes of 38 patients were enrolled form Qilu data (Table 1).
A

B

C

D E

F G

FIGURE 1 | The pipeline of our study. VA, visual acuity; CRT, central retinal thickness; RIF, retinal interlayer fluid; SRF, subretinal pigment epithelium fluid; PED,
retinal pigment epithelial detachment; RHF, retinal hyperreflexia; CI, continuous injection; RF, random forest; GRNN, generalized regression neural network; PNN,
probabilistic neural network; ELM, extreme learning machine; SVM, support vector machines; OLS, ordinary least squares; BP, back propagation network; RBF,
radial basis function network; SVR, support vector regression; ACC, classification accuracy; AUC, area under curve; MAE, mean absolute error; RMSE, root mean
square error.
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The DME patients were aged 26 to 84 years old with a mean age
of nearly 56 years old. One hundred fourteen (34.0%) patients
and 22 (57.9%) patients were men in the APTOS and Qilu data,
respectively. The pre-VAs were 0.74 ± 0.60 (0–3) logMAR and
1.20 ± 0.63 (0–3) logMAR in two datasets (p < 0.001). The pre-
CRTs ranged from 151 to 1,345 mmwith mean values of 426.71 ±
177.88, 415.21 ± 131.98, and 699.87 ± 921.63 mm in the training,
test, and external validation groups, respectively. The statistical
differences of all characteristics before and after treatments
between the APTOS and Qilu data are shown in Table 1.
Except for the baseline age, pre-VA and pre-RHF, there was
no statistical difference between two datasets. DME patients
of three groups showed VA improvement, CRT decrease, and
percentage changes of RIF, SRF, PED, and RHF, which are
described in detail in Table 1.

Five structural prediction models obtained ACCs and AUCs at
different levels, of which the RF and SVM models achieved best
performances (Table 2). In the internal test, ACCs of presence
predictions regarding RIF, SRF, PED, and RHF were 0.902, 0.825,
0.937, and 0.939 with the RF model and 0.912, 0.787, 0.965, and
0.948 with the SVM model. AUCs of presence predictions
regarding RIF, SRF, PED, and RHF were 0.844, 0.645, 0.772, and
0.891 with the RF model and 0.865, 0.525, 0.906, and 0.890 with
the SVM model. In the external validation, these two models also
obtained high-level accuracies that ACCs of presence predictions
regarding RIF, SRF, PED, and RHF were 0.858, 0.783, 1.000, and
0.917 with the RF model and 0.868, 0.777, 1.000, and 0.895 with
the SVMmodel. AUCs of presence predictions regarding RIF, SRF,
PED, and RHF were 0.782, 0.654, 1.000, and 0.944 with the RF
model and 0.812, 0.622, 1.000, and 0.911 with the SVM model,
which have achieved excellent performance in the PED predictions
with an AUC of 1.000 in external validation. The predictions of
RIF and RHF obtained high accuracies of more than 0.900 as well.
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In the clinical suggestions of CI predictions, the accuracy is close to
0.700. In the internal test, the ACCs of CI predictions were 0.671
with the RF model and 0.697 with the SVM model. The AUCs
were 0.607 with the RF model and 0.634 with the SVM model. In
the external validation, ACCs were 0.674 and 0.656 and AUCs
were 0.649 and 0.671 respectively in the RF and SVM models.

The SVR and RF models obtained the best performances in
VA and CRT predictions (Table 2). MAEs of VA predictions
were 0.262 and 0.302 logMAR in internal tests and 0.387 and
0.485 logMAR in external validations. Prediction errors were
equivalent to nearly three lines of visual chart. Predictions errors
of CRT were exhibited in Table 2. Prediction errors of MAE and
RMSE were close to 100 to 150 mm.

Feature weights of CI and VA predictions of the best two
models are indicated in Figure 2. Two models showed different
weight patterns in the same tasks. In the CI predictions, the most
important features were pre-RIF (0.345), pre-PED (0.236), and
pre-RHF (0.419) according to the SVM model. However, in the
RF model, the most important features were pre-VA (0.257), pre-
CRT (0.366), and pre-RHF (0.175). In the VA predictions, the
pre-VA had the highest weights of 0.826 and 0.319 in the SVR
and RF models, respectively. The pre-CRT (0.321) also played an
important role in VA predictions based on the RF model.
DISCUSSION

Our study established classification and prediction models with
multinational data to predict the treatment effects of anti-VEGF
therapy for DME patients. The models have achieved excellent
performance in prediction tasks of structural and functional
parameters as well as clinical suggestions 6 months in advance,
which can help ophthalmologists with DME patients.
TABLE 1 | The characteristics of patients according to groups.

Characteristics Training group Test group External validation p-values

Patients 182 34 38
Gender (men) 98 (53.85%) 16 (47.06%) 22 (57.89%) 0.726
Age (year) 56.55 ± 9.98 57.59 ± 10.27 61.84 ± 11.19 0.005
Eyes 301 34 38
Baseline
Pre-VA (logMAR) 0.74 ± 0.60 0.60 ± 0.42 1.20 ± 0.63 <0.001
Pre-CRT (mm) 426.71 ± 177.88 415.21 ± 131.98 699.87 ± 921.63 0.08
Pre-RIF 243 (80.73%) 27 (79.41%) 34 (89.47%) 0.355
Pre-SRF 98 (32.56%) 10 (29.41%) 18 (47.37%) 0.260
Pre-PED 26 (8.64%) 1 (2.94%) 2 (5.26%) 0.609
Pre-RHF 205 (68.11%) 20 (58.82%) 20 (52.63%) 0.039
Posttreatment
VA (logMAR) 0.69 ± 0.59 0.52 ± 0.31 0.87 ± 0.64 0.184
CRT (mm) 391.08 ± 157.26 392.56 ± 140.09 355.55 ± 132.69 0.243
RIF 242 (80.40%) 25 (73.53%) 29 (76.32%) 0.359
SRF 66 (21.93%) 4 (11.76%) 8 (21.05%) 0.676
PED 26 (8.64%) 1 (2.94%) 2 (5.26%) 0.638
RHF 202 (67.11%) 19 (55.88%) 20 (52.63%) 0.056
CI 203 (67.44%) 25 (73.53%) 21 (55.26%) 0.052
March 2022 | Volume 13 | Artic
p-values showed the statistical differences of characteristics between the APTOS and Qilu data.
VA, visual acuity; CRT, central retinal thickness; RIF, retinal interlayer fluid; SRF, subretinal pigment epithelium fluid; PED, retinal pigment epithelial detachment; RHF, retinal hyperreflexia; CI,
continuous injection.
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DME is an important stage of RD, which needs timely
treatment, otherwise may cause severe visual impairment (15).
Anti-VEGF treatment is the first-line treatment of DME (16, 17).
Increasing researches were conducted to explore the clinical
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effect and limitation of anti-VEGF treatment (11, 18–21).
Although anti-VEGF treatment was proved to function better
than previous therapies of laser therapy and steroid therapy, it
had some limitations as well (22–24). Patients need long-term
and consecutive anti-VEGF injections, and the complication
morbidity will increase with the treatment progress (7, 25, 26).
The potential ocular complications include entophthalmia,
glaucoma, and retinal detachment, which can lead to a more
severe visual loss (27, 28). Consequently, to predict the
therapeutic effect of anti-VEGF treatment can provide basis to
make intervention plan for both ophthalmologists and
patients. The functional prediction of VA and treatment plan
prediction of CI both serve as key roles in treatment
guidance. The prediction of CI is an impossible task for
human ophthalmologists, even for experienced fundus
professors. Our models achieved nearly 70% accuracy in the CI
predictions, which provided a new sight in the understanding
treatment effectiveness.

In our research, we finished the structural prediction tasks of
five parameters, including CRT, RIF, SRF, PED, and RHF, which
are all relatively important in the DME process and prognosis
(29). Thick CRT and the presence of RIF, SRF, PED, and RHF all
indicate there are still effusion and exudation in the lesion areas
and that the prognosis is unsatisfactory (12, 30, 31). Previous
studies have published relative prediction results, and some
studies accurately predicted the VA and CRT of DME patients
after anti-VEGF treatment by clinical information and OCT data
(32–35). Honghua Yu and his team have published results
predicting the VA and CRT of DME patients 1 month after
anti-VEGF treatments (36). Our research has achieved earlier
predictions of 6 months with more parameters. Our models
obtained high accuracies in the presence predictions of more
structural parameters, including RIF, SRF, PED, and RHF,
especially the presence of PED, which provided more
information about the treatment effects. Moreover, some other
retinopathies, such as central serous chorioretinopathy and age-
related macular degeneration, have similar pathological changes
TABLE 2 | The prediction performances of the best two models in classification and regression tasks.

Classification models RF SVM

ACC AUC ACC AUC

Factors Test Validation Test Validation Test Validation Test Validation

RIF 0.901 0.857 0.843 0.781 0.911 0.868 0.864 0.812
SRF 0.824 0.782 0.645 0.654 0.787 0.776 0.525 0.622
PED 0.936 1.000 0.772 1.000 0.964 1.000 0.905 1.000
RHF 0.938 0.916 0.890 0.943 0.947 0.894 0.887 0.911
CI 0.671 0.607 0.674 0.656 0.697 0.634 0.649 0.671

Regression models SVR RF

MAE RMSE MAE RMSE

Factors Test Validation Test Validation Test Validation Test Validation

VA (logMAR) 0.262 0.387 0.414 0.511 0.302 0.485 0.446 0.585
CRT (mm) 99.91 162.34 140.36 330.86 94.86 131.26 128.94 159.24
March 2022 |
 Volume 13 | Art
RF, random forest; SVM, support vector machines; SVR, support vector regression; ACC, classification accuracy; AUC, area under curve; MAE, mean absolute error; RMSE, root mean
square error; RIF, retinal interlayer fluid; SRF, subretinal pigment epithelium fluid; PED, retinal pigment epithelial detachment; RHF, retinal hyperreflexia; CI, continuous injection; VA, visual
acuity; CRT, central retinal thickness.
A

B

FIGURE 2 | The feature weights of CI and VA predictions of the best two
models. (A) The feature weights of CI predictions with RF and SVW models.
(B) The feature weights of VA predictions with RF and SVR models. VA, visual
acuity; CI, continuous injection; CRT, central retinal thickness; RIF, retinal
interlayer fluid; SRF, sub retinal pigment epithelium fluid; PED, retinal pigment
epithelial detachment; RHF, retinal hyperreflexia; RF, random forest; SVM,
support vector machines; SVR, support vector regression.
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(37–39). Our results may offer a research basis for the intelligent
structural predictions of other retinopathies.

The two best models in VA and CI predictions exhibited
different weight patterns according to the analysis. Based on the
SVM models, the patients showing the presence of pre-RIF, pre-
PED, and pre-RHF may need anti-VEGF treatment more and
may obtain higher clinical effectiveness with CI. The presence of
these structural lesions indicates there are chronic vascular
leakage and fluid accumulation, which may cause angiogenesis
(40, 41). As a result, anti-VEGF treatment is beneficial to patients
with these structural lesions. Our study found the clinical basis to
support the continuous injection of anti-VEGF medicine, which
may provide a new idea for studied on the effectiveness of anti-
VEGF treatment.
LIMITATION

Some limitations of our research should be considered. Larger
samples of DME patients are needed to enrich the data and to
improve the prediction accuracy. Moreover, data form more
external validations are necessary to test the stability of
prediction models. Additionally, the intelligent models for
predicting the effect of different anti-VEGF treatments are
essential to assist doctors in making a clinical plan.
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Objective: To compare the efficacy and safety of panretinal photocoagulation (PRP)
combined with intravitreal anti-vascular endothelial growth factor (anti-VEGF) against PRP
monotherapy for diabetic retinopathy (DR).

Methods: We searched Pubmed, Cochrane Library, Web of Science, Embase, and
Science Direct Register of Controlled Trials from April 2011 to January 2021 to identify the
randomized trials that compared the efficacy and safety between PRP combined with
intravitreal anti-VEGF and PRP monotherapy for DR. We searched in the following
databases between April 2011 and January 2021: Pubmed, Cochrane Library, Web of
Science, Embase, and Science Direct without any restriction of countries or article type.
The outcome measures were the best-corrected visual acuity (BCVA), neovascularization
on the disc (NVD), neovascularization elsewhere (NVE), central macula thickness (CMT),
and total retinal volume over time (FAS), and we also observed the adverse events (AEs)
between the two groups.

Results: A total of 351 studies were identified, of which 11 studies were included in this
meta-analysis (N = 1,182 eyes). Compared with PRP monotherapy, PRP plus anti-VEGF
combination treatment produced a mean reduction in BCVA in units of logMAR of -0.23
[95% CI -0.32, -0.15] or a mean improvement in BCVA in units of letters of 4.99 [95% CI
3.79, 6.19], and also yielded a mean reduction in NVD of -28.41 [95% CI -30.30, -26.52],
in NVE of -1.33 [95% CI -1.52, -1.14], in CMT of -1.33 [95% CI -1.52, -1.14], or in total
FAS. No significant difference was observed on the risk of AEs as vitreous hemorrhage,
elevation in intraocular pressure, and cataract between the two different treatments.
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Conclusion: PRP with anti-VEGF combination treatment can achieve the ideal efficacy on
DR by improving BCVA and NV regression, with no potential increased incidence of AEs,
which proves that the combination therapy is an efficient therapeutic strategy that could
improve the management of patients with DR.
Keywords: panretinal photocoagulation, anti-vascular endothelial growth factor, diabetic retinopathy, meta-
analysis, combination therapy
INTRODUCTION

Diabetic retinopathy (DR) has become a leading cause of visual
impairment in working age in industrialized countries. DR can be
divided into two classifications including non-proliferative diabetic
retinopathy (NPDR) and proliferative diabetic retinopathy (PDR),
of which PDR is the more advanced stage leading to visual
impairment and loss in the nearly total absence of symptoms (1).
In recent decades, there have been a variety of treatments for DR,
among which panretinal photocoagulation (PRP) and anti-vascular
endothelial growth factor (anti-VEGF) therapy are commonly used.
VEGF is a kind of homodimeric glycoprotein, including PLGF,
VEGF-A, VEGF-B, VEGF-C, and VEGF-D. VEGF can promote
endothelial cell-specific mitogen, increase vascular permeability, and
promote inflammation (2). Under the condition of high glucose,
oxidative stress, hemodynamic changes, and inflammatory
reactions are involved in the regulation of VEGF expression and
increase the concentration of VEGF. VEGF increases capillary
permeability by the phosphorylation of tight-junction protein,
leading to macular edema and angiogenesis (3). Therefore,
inhibition of VEGF has become an important part of anti-
neovascularization therapy. Anti-VEGF agents available include
bevacizumab, ranibizumab, and aflibercept and are gaining
popularity by intravitreal injection while the mainstay of surgical
treatment for PDR is Scatter, or panretinal, photocoagulation (4).

Both treatments have a positive effect on delaying the
progression of DR, and they also have been combined many
times in clinical practice. However, the efficacy of monotherapy
and combined treatment may be different. Some adverse events
can be found in the follow-up of both therapies. Administration
or surgery methods may cause some ocular disorders such as
vitreous hemorrhage, elevation in intraocular pressure, and
cataract, and pesticide effects may result in some non-ocular
disorders such as hypertension.

In order to inform in clinical decision-making which treatment
can be preferred to use clinically, this meta-analysis examined 11
randomized controlled trials (RCTs), with patients from Canada,
the United States, Pakistan, Brazil, and other countries, trying to
compare the efficacy and safety of PRP with intravitreal anti-VEGF-
combined treatment against PRP monotherapy.
METHODS

Search Strategy and Selection Criteria
This meta-analysis is reported in accordance with the Systematic
Reviews and Meta-Analyses (PRISMA) Statement. The
registration number in PROSPERO is CRD42021254750.
n.org 269
We searched Pubmed, Cochrane Library, Web of Science,
Embase, and Science Direct Register of Controlled Trials between
April 2011 and January 2021 to identify the randomized trials that
compared the efficacy and safety between PRP combined with
intravitreal anti-VEGF and PRP monotherapy for DR. We
selected several studies published between April 2011 and January
2021. We searched the following databases: Pubmed, Cochrane
Library, Web of Science, Embase, and Science Direct without any
restriction of countries or article type. The reference list of all
selected articles is independently screened to identify additional
studies left out in the initial search. We used the combined search
strategy with text and MESH terms as follows: ((“Diabetic
Retinopathy”[Mesh]) OR ((proliferative diabetic retinopathy[Title/
Abstract]) OR PDR[Title/Abstract])) AND (((“retinal laser
photocoagulation”[Mesh]) OR retinal laser photocoagulation
[Title/Abstract])) AND (((((((VEGF[Title/Abstract]) OR anti
VEGF [Title/Abstract]) OR anti-VEGF [Title/Abstract]) OR
lucentis[Title/Abstract]) OR bevacizumab[Title/Abstract]) OR
ranibizumab [Title/Abstract]) OR aflibercept[Title/Abstract]))
AND (“Randomized Controlled Trial” [Publication Type]).

Eligibility Criteria
Eligible studies are regarded as RCTs, comparing PRP plus anti-
VEGF with PRP alone, reporting changes in best-corrected visual
acuity (BCVA), neovascularization on the disc (NVD),
neovascularization elsewhere (NVE), central macula thickness
(CMT), or total retinal volume over time (FAS). We exclude
studies in adherence to the following criteria: non-RCT studies,
studies done in patients treated with drug monotherapy, and
combination therapy on DR. We did not impose restriction on
history of systemic treatment.

The primary outcomes were assessed as follows: the changes
of BCVA (logMAR, letters), the regression of neovascularization
defined as NVD (percentage of disc surface, DD%), NVE (disc
diameter, DD), CMT (mm), and total retinal volume. The
incidences of adverse events (AEs) were estimated as secondary
outcomes, including vitreous hemorrhage, elevation in
intraocular pressure, and cataract.

Data Extraction
Two investigators collaborated on assessing these studies
together, reviewing the titles and abstracts and retrieving
studies satisfied for full-text assessment. Studies qualified were
selected by two investigators with an agreement value of 99.4%.
Disagreements were settled by a third investigator.

We extracted data in a standardized form from each selected
study. The data included the first author and year of each study,
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total number of patients participated, age, follow-up period, details
of therapeutic method, change in BCVA (mean [SD]), change in
CMT (mean [SD]), change in BCVA (mean [SD]), change in NVD
(mean [SD]), change in NVE (mean [SD]), change in total retinal
volume (mean [SD]), and incidence of AEs.

In some cases where the data were ambiguous, we emailed some
of the relevant corresponding authors to refine the data obtained.

Statistical Analysis
We assessed the efficacy of PRP plus anti-VEGF agents versus
PRP monotherapy on four outcomes: BCVA, regression of
neovascularization (NVD, NVE, CMT), total retinal volume,
and incidence of any AEs.

We analyzed BCVA, NVD, NVE, CMT, and total retinal
volume as continuous variables and calculated pooled estimates
of the mean differences (MD) in changes of BCVA, NVD, NVE,
CMT, and total retinal volume of study groups and control
groups by using a random-effect (RE) model to depict the
characteristics of each group.

The incidence of AEs common in eligible studies was
analyzed, from which an overall relative risk (ORR) was
calculated. The pooled estimates of the relative risk with an RE
model were also calculated.

As we divided studies into groups with data in common and
the data set that counted changes in CMT contained a relatively
large number of studies, which was seven, we assessed
publication bias of the CMT group using Egger test and
defined significant publication bias as a p value <0.05 (5).

Risk-of-Bias Assessment
Cochran Q test and the I2 statistics were employed to assess
heterogeneity between studies. I2 values greater than 50%
Frontiers in Endocrinology | www.frontiersin.org 370
represent moderate to high heterogeneity, while I2 values lower
than 50% represent low heterogeneity (6). We investigated
sources of heterogeneity through subgroup analyses. Review
Manager (version 5.4, Cochrane Collaboration) and STATA
(version 15.1, STATA Corp) were used for all statistical
analyses. Further sensitivity analysis was also performed to
confirm whether the heterogeneity had an impact on
the conclusions.
RESULTS

We identified 351 studies initially, of which 11 studies were
included in this meta-analysis (Figure 1). The 11 studies were
published from April 2011 to January 2021 (Table 1) (7–17).
Follow-up duration ranges from 1 to 12 months. 9 studies (7, 8,
11–17) reported changes of BCVA, among which 4 studies (7, 12,
16, 17) specified the changes of BCVA in logMAR and 5 studies
(8, 11, 13–15) in letters. 7 studies (9–11, 13, 15–17) measured the
changes of CMT. 2 studies (7, 16) reported changes of NVD and
NVE, which were specified in DD% and DD. One study (10)
measured the change of mean total retinal volume over time in
units of mm³ while the other study measured the changes of
neovascularization total (NVT) in units of disc area (DA) (8).
Adverse events were assessed by 6 studies (8, 10, 11, 13–15),
of which 3 reported vitreous hemorrhage (8, 11, 15),
3 reported elevation in intraocular pressure (8, 10, 11), and 4
reported cataract (8, 11, 13, 14). One study (9) observed
no adverse effects. We also assessed the risk of bias of all the
11 RCTs (Figure 2).

In the pooled analysis of 9 trials, the results showed that
combination therapy had a better impact on improving or
FIGURE 1 | Process of study selection.
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delaying vision deterioration in BCVA, compared to
monotherapy, with a statistically significant between-study
heterogeneity (Figure 3). Sensitivity analysis was performed in
the BCVA group with LogMAR as the unit. Since one of the
studies (17) enrolled patients with PDR and DME, while the other
Frontiers in Endocrinology | www.frontiersin.org 471
studies included patients with or without DME, this might be the
reason for the heterogeneity. However, the removal of the study
had no effect on the results, which still showed the priority of the
combination therapy on improvements of BCVA after the
exclusion. The other indicators (NVD, NVE, CMT) (Figure 4)
TABLE 1 | Characteristics of included studies.

Study ID
(first
author)

Year Design Sample
size
(eyes)

Case/
control
(PRP
plus
IVB/
PRP)

Average
age/age
range
(case/
control)

Details of anti-VEGF agent
injection

Details of laser photocoagulation Intraoperative
and

postoperative
evaluating
parameters

Follow-
up

periods
(months)

Ali et al.
(7)

2018 RCT 60 30/30 (40–52)/
(53–65);
(52.27 ±

6.8)

IVB (1.25 mg 0.05 ml) 15 days
prior to PRP session

1,500–2,000 shots (200–500 mm
spots), 0.05–0.1-s duration, 0.1 interval,
300–500-W power per episode, under
topical anesthesia

BCVA, NVE,
NVD

3

Figueira
et al. (8)

2018 RCT 87 41/46 (58.8 ±
13.3)/
(52.0 ±
11.9)

IVR, in month 0, month 1, and
month 2 combined with the
standard PRP treatment, that is,
with 1, 2, or 3 laser sessions

1,200–1,600 scatter laser burns (500
mm spots)

BCVA, NVE,
NVD, NVT,
CMT, AEs

12

Preti
et al. (9)

2017 RCT 38 19/19 (53.4 ±
9.3)/(53.4
± 9.3)

IVB (1.25 mg/0.05 ml) 7 days prior
to PRP session and at the end of
the third PRP episode.

A spot size of 250 mm, an exposure
time between 0.1 and 0.2-m, and a
moderate intensity (200 to 500 mW)

CMT, choroidal
thickness, AEs

1

Lang
et al. (10)

2018 RCT 128 85/43 (63.5 ±
9.3)/(63.5
± 10.5)

IVR (0.5 mg), 4 monthly Focal laser and ranibizumab injections
were administered on the same day
with a minimum interval of 30 min
between the two treatments

BCVA, FCS,
and FCP
thickness,
CMT, AEs

6.2 ± 2.7

Berger
et al. (11)

2015 RCT 145 73/72 (60.8 ±
10.2)/
(62.8 ±
9.4)

IVR (0.5 mg ranibizumab
intravitreal injections), 3 monthly
injections followed by as-needed
therapy

On day one. If required, the initial
photocoagulation could be split into 2
sessions, 4 weeks apart

BCVA, CMT,
VFQ-25 (Visual
Function
Questionnaire-
25), AEs

12

Messias
et al. (12)

2012 RCT 20 11/9 (59 ± 12)/
(64 ± 8)

IVR ((0.5 mg/0.05 ml), at weeks
16 and 32

Six to eight hundred 500 lm spots were
applied per session

BCVA, duration
of diabetes,
FLA

6

Mitchell
et al. (13)

2011 RCT 229 118/111 (64.0 ±
8.15)/
(63.5 ±
8.81)

IVR (0.5 mg), at months 0–2;
treatment initiation phase

2 sessions, 4 weeks apart BCVA, CMT,
AEs

12

Ishibashi
et al. (14)

2015 RCT 263 132/131 (61.2 ±
10.52)/
(61.5 ±
9.68)

IVR (0.5 mg), on day 1 and
continued monthly until stable
vision was achieved

On day 1 (if needed, the first laser
treatment session could be split into 2
sessions 4 weeks apart)

BCVA, AEs 12

Ferraz
et al. (15)

2015 RCT 60 30/30 52.3 ±
7.8

IVR (0.5 mg) and were given again
at Month 1

Full-scatter PRP treatment, performed
in three sessions according to the
ETDRS guidelines

BCVA, CMT,
AEs

6

Rebecca
et al. (16)

2021 RCT 76 38/38 (51.1 ±
5.9)/(50.7
± 6.9)

IVB (1.25 mg/0.05 ml). In Group B
subjects, first intravitreal
bevacizumab injection (1.25 mg/
0.05 ml) was given followed by
PRP after the 1st week, likewise 2
more PRP episodes were done,
and a second IVB injection was
given at the end of the 3rd PRP
session.

Three sessions of PRP were done with
a 1-week interval; two thousand burns
were applied at the 1st session with a
200-mm spot size, duration of 20-ms
pulse, and from 400 to 500 mW power
to achieve grayish burns; and further
PRP was done at 1 and 2 months with
supplementary 800–1,000 burns

BCVA, NVE,
NVD, CMT

6

Sameen
et al. (17)

2017 RCT 76 38/38 (57.47 ±
6.08)/

(55.69 ±
6.58)

IVB (2.5 mg/0.1 ml) 1 day after
PRP session and repeated
monthly for 3 months.

Two thousand burns were applied at
the 1st session with a 20-ms pulse
duration, 200-mm spot size, and power
ranging from 350 to 600 mW, titrating
the burn intensity until a mild gray
reaction was achieved, repeating at 4
weeks and 8 weeks with an additional
800–1,000 burns

BCVA, CMT 3
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all showed a mean overall reduction in favor of PRP plus anti-
VEGF treatment, with no significant between-study heterogeneity.
For the assessment of publication bias of the CMT group shown in
the table (p value >0.05) (Figure 5), no significant publication bias
was detected.
Frontiers in Endocrinology | www.frontiersin.org 572
In addition, two studies separately reported changes of NVT
(8) and the mean total retinal volume (10), supporting the
findings above (Figure 6).

6 studies reported the incidence of adverse events, including
intraocular or extraocular disorders if present. The pooled
FIGURE 2 | Risk of bias.
A

B

FIGURE 3 | Meta-analyses of PRP+anti-VEGF treatment and PRP monotherapy, comparing changes of BCVA (logMAR, letters). (A) BCVA (logMAR), (B) BCVA
(letters). Outcomes assessed: BCVA in studies that compared combination treatment with PRP monotherapy. The shaded area is the weight of the estimate in
proportion to the overall effect.
March 2022 | Volume 13 | Article 807687

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhang et al. Photocoagulation Intravitreal Anti-VEGF Against PRP
analysis (Figure 7) showed no significant difference in the RR of
the study group compared with the control group, with no
significant between-study heterogeneity. Combination therapy
or monotherapy had little effect on the incidence of adverse
events such as vitreous hemorrhage, elevation in intraocular
pressure, and cataract.
Frontiers in Endocrinology | www.frontiersin.org 673
DISCUSSION

In the previous study, anti-VEGF monotherapy has been
reported to show potential benefits compared to PRP
monotherapy. However, anti-VEGF monotherapy also carries a
certain degree of risk for PDR. For example, anti-VEGF
A

B

C

FIGURE 4 | Meta-analyses of PRP+anti-VEGF treatment and PRP monotherapy, comparing changes of NVD (DD%), NVE (DD), and CMT (mm). (A) NVD (DD%),
(B) NVE (DD), and (C) CMT (mm). Outcomes assessed: NVD, NVE, and CMT in studies that compared combination treatment with PRP monotherapy. The shaded
area is the weight of the estimate in proportion to the overall effect.
FIGURE 5 | Estimate of publication bias of CMT.
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treatment is expensive, time-consuming, and not cost-effective.
In countries and regions with limited resources, this treatment is
easily restricted. In addition, it is easy for patients who are treated
exclusively with anti-VEGF to cause complications such as
tractional retinal detachment and neovascular glaucoma,
leading to blindness (18). Our study showed that the
combination therapy is even more beneficial. The PRP plus
A

B

C

FIGURE 7 | Meta-analyses of PRP+anti-VEGF treatment and PRP monotherapy, co
pressure. (C) Cataract. Outcomes assessed: incidence of vitreous hemorrhage, eleva
treatment with PRP monotherapy. The shaded area is the weight of the estimate in p

Frontiers in Endocrinology | www.frontiersin.org 774
anti-VEGF treatment is better at delaying vision loss associated
with DR and also contributing to the reduction of NVD, NVE,
and CMT, compared to PRP monotherapy. It is worth
mentioning that application of a more complex therapeutic
method did not cause more adverse effects than monotherapy.
Previous studies have reported the role of anti-VEGF agents as
adjuncts to surgical treatment, regressing neovascularization and
A

B

FIGURE 6 | Meta-analyses of PRP+anti-VEGF treatment and PRP monotherapy, comparing changes of NVT (DA) and total retinal volume (mm3). (A) NVT (DA).
(B) Total retinal volume (mm3). Outcomes assessed: BCVA in studies that compared combination treatment with PRP monotherapy. The shaded area is the weight
ofthe estimate in proportion to the overall effect.
mparing incidence of AEs. (A) Vitreous hemorrhage. (B) Elevation in intraocular
tion in intraocular pressure, and cataract in studies that compared combination
roportion to the overall effect.
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minimizing bleeding and complications followed by vitrectomy
and endolaser for a vitreous hemorrhage (19). Findings in these
meta-analyses proved the well-documented efficacy and safety of
anti-VEGF.

Retinal detachments have been observed in some PRP groups,
which is likely to be associated with anti-VEGF injections in PDR
eyes (20), but studies included in this analysis did not have any
cases of this probably because eyes were excluded with
fibrovascular proliferation with retinal traction.

Most of the studies identified the included patients as DME,
PDR, or high-risk PDR (HR-PDR) (7–14, 16, 17). Retinal ischemia
has been reported to be present in high-risk PDR in the previous
study (21). Preoperative anti-VEGF injections in DR may reduce
the bleeding during an operation and decrease the complications
(22). Our findings showed that the combination might benefit
patients with DME and PDR, by reducing the incidence of
complications. In addition, combination therapy consistently
improved BCVA and reduced CMT across all the patients with
PDR, including patients with DME. Further studies are needed to
confirm the beneficial effect of additional anti-VEGF treatment in
NPDR patients.

Our results compared anti-VEGF monotherapy with
combination therapy in terms of effects on visual improvement,
retinal angiogenesis, and the incidence of adverse events, which
would give some feasible suggestions on evidence-based clinical
practice. A limitation of this analysis is that all the follow-up periods
are less than 1 year. Longer follow-up studies may establish the
benefit or adverse effects more clearly. Another limitation is the fact
that the difference between the DME and non-DME groups cannot
Frontiers in Endocrinology | www.frontiersin.org 875
be concluded from the data in the RCTs, due to the short follow-up
duration or the small sample sizes. The long-term results from
relevant studies further showed that response to anti-VEGF is
sustained through the period of 2 years (23), and 3 years (24),
and the longer the duration, the fewer the injections to control
edema, from which we hypothesized that a longer follow-up period
would help reveal the relationship between lesion severity and
response to treatment.

It has been reported that the intensity of anti-VEGF treatment
has a statistically significant effect on BCVA, but there is no
confirmed clinical evidence (25). Compared with clinical
treatment, the injection intensity in clinical trials is often very
high, while in clinical practice, the treatment intensity of many
treatment plans is not high in the first year resulting in poorer
visual effect and more inaccurate estimation.

In conclusion, Intravitreal anti-VEGF agents for a certain
duration are effective as adjunctive treatment to PRP with less
foveal thickness, early and greater rate of retinal neovessel
regression, and better vision improvement rates than PRP
alone in patients of DR.
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With increasing incidence of diabetes worldwide, there is an ever-expanding number of
patients with chronic diabetic complications such as diabetic retinopathy (DR), one of the
leading causes of blindness in the working age population. Early screening for the onset
and severity of DR is essential for timely intervention. With recent advancements in
genomic technologies, epigenetic alterations in DR are beginning to unravel. Long non-
coding RNAs (lncRNAs), which are key epigenetic mediators, have demonstrated
implications in several (DR) related processes. Based on the previous research, we
have developed a serum-based, multi-panel PCR test using 9 lncRNAs (ANRIL,MALAT1,
WISPER, ZFAS1, H19, HOTAIR, HULC,MEG3, andMIAT) to identify and validate whether
this panel could be used as a diagnostic and prognostic tool for DR. We initially used a cell
culture model (human retinal endothelial cells) and confirmed that 25 mM glucose induces
upregulations of ANRIL, HOTAIR, HULC, MALAT1, and ZFAS1, and downregulation of
H19 compared to 5 mM glucose controls. Then as an initial proof-of-concept, we tested
vitreous humor and serum samples from a small cohort of non-diabetic (N=10) and
diabetic patients with proliferative retinopathy (PDR, N=11) and measured the levels of the
9 lncRNAs. Differential expressions of lncRNAs were found in the vitreous and serum of
patients and showed significant correlations. We expanded our approach and assessed
the same lncRNAs using samples from a larger cohort of diabetic (n= 59; M/F:44/15) and
non-diabetic patients (n= 11; M/F:4/7). Significant increased lncRNA expressions of
ANRIL, H19, HOTAIR, HULC, MIAT, WISPER and ZFAS1 were observed in the serum
of diabetic patients (with varying stages of DR) compared to non-diabetics. No significant
correlations were demonstrated between lncRNA expressions and creatinine or glycated
hemoglobin (HbA1C) levels. Using ROC and further analyses, we identified distinct
lncRNA phenotype combinations, which may be used to identify patients with DR. Data
from this study indicate that a panel of serum lncRNAs may be used for a potential
screening test for DR. Further large-scale studies are needed to validate this notion.
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INTRODUCTION

Diabetes mellitus (DM) continues to wreak havoc across the
world, where 463 million of the global population are estimated
to have DM, while 700 million are projected to have DM by 2045
(1). DM is characterized by chronic hyperglycemia and the
sustained elevation of blood glucose levels promotes cellular
and tissue damage, which consequently leads to the
development of diabetic complications. Among these
complications, diabetic retinopathy (DR) is a prevalent
microvascular complication of DM and one of the leading
causes of preventable blindness in the working age population
(2). To prevent irreversible visual loss from DR, screening for the
onset and severity of DR has become critical for timely and
necessary ophthalmic examination and treatment (3). To bridge
this gap in healthcare delivery, here we describe a novel lncRNA-
based serum test which may facilitate effective screening and
identification of DR.

According to the International Council of Ophthalmology
classification, DR can be categorized into five progressive stages
of retinopathy: no retinopathy, mild non-proliferative, moderate
non-proliferative, severe non-proliferative, and proliferative
retinopathy (4). Each stage of DR is categorized by distinct
clinical observations, which can include retinal vascular-related
abnormalities (microaneurysms, intraretinal hemorrhages, and
venous beading), retinal thickening (edema), accumulation of
lipid deposits, presence of neovascularization, and/or vitreous/
preretinal hemorrhage (4). According to one study in the US
involving 4617 patients, 6.6% of patients with non-proliferative
DR (NPDR) progressed to proliferative DR (PDR). Proliferative
DR is considered the more advanced stage of DR and is
characterized by the onset of neovascularization at various
retinal regions (including new vessels at the inner surface of
the retina, on or near the optic disc and new vessels elsewhere in
the retina) compared to non-proliferative stages of DR (4, 5).
These vessels are prone to bleeding and may undergo fibrosis and
contraction, which can ultimately lead to blindness and a
profound impact on the quality of life for patients (6).

Presently, there are several relevant risk factors that are used
to monitor potential development of DR, including the duration
of diabetes, poor glycemic control (high glycated hemoglobin
[HbA1c levels]), presence of hypertension, dyslipidemia, and a
higher body mass index (7). However, based on several large
population-based clinical studies, substantial variation in the
onset and severity of DR have been documented in patients
living with DM that is not completely explained by the known
risk factors. For example, total glycemic exposure (duration of
Abbreviations: DR, diabetic retinopathy; lncRNA, long non-coding RNA; DM,
diabetes mellitus; ECs, endothelial cells; NPDR, non-proliferative DR; PDR,
proliferative DR; VEGF, vascular endothelial growth factor; MALAT1,
metastasis associated lung adenocarcinoma transcript 1; HOTAIR, HOX
transcript anti-sense RNA; H19, H19 imprinted maternally expressed transcript;
WISPER, Wisp2 super-enhancer-associated RNA; ZFAS1, ZNFX1 antisense RNA
1; MIAT, myocardial infarction-associated transcript; HULC, highly up-regulated
in liver cancer; ANRIL, antisense non-coding RNA in the INK4 locus; MEG3,
maternally expressed gene 3; NG, normoglycemia; HG, hyperglycemia or high
glucose; HRECs, human retinal microvascular endothelial cells.
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diabetes and HbA1c values) explained only ~11% of the variation
in DR risk for the entire study population in the Diabetes Control
and Complications Trial, which suggests that the remaining 89%
of the variation risk is due to other factors (i.e., genetic
determinants and/or epigenetic factors) in the diabetic milieu
that are independent of HbA1c (8). As a result, to effectively
monitor glycemic control and implement timely treatment
protocols, it becomes imperative that research efforts are
invested towards identifying these unexplained factors and
novel molecular players that continue to contribute to the
development and progression of microvascular complications
such as DR. Furthermore, implementation of a test to effectively
identify and treat patients early in the disease process will result
in considerable cost savings, since the cost of caring for patients
with PDR is much greater than the costs of managing patients
with NPDR (9, 10).

Given the advent of novel genomic technologies within the
last decade, recent studies examining the epigenetic landscape in
DR have shed light on the ‘dark matter’ of the epi/genome and
have opened the door for the selective targeting of promising
molecular candidates in the diagnosis and/or therapy of DR.
Among these molecules, long non-coding RNAs (lncRNAs),
which do not have protein-coding potential and are greater
than 200 nucleotides in length, have demonstrated critical
implications in a number of DR-related processes including
angiogenesis (11–13), inflammation (14), and even fibrosis-
related mechanisms (i.e., endothelial-to-mesenchymal
transition) (15).

In this study, based on the collective findings from our
previous lncRNA microarray involving human retinal
endothelial cells (HRECs) subjected to basal and high glucose
conditions (GEO ID: 122189) and existing mechanistic-based
research performed by us and others (11–19), we selected 9
prominent lncRNAs (ANRIL, MALAT1, WISPER, ZFAS1, H19,
HOTAIR, HULC, MEG3, and MIAT) and developed a multi-
lncRNA PCR panel in order to investigate and validate whether a
diagnostic biomarker panel could be used to distinguish between
patients with non-DR and DR. We then carried out additional
statistical analyses to determine the potential discriminative
ability of this lncRNA-panel to diagnose and identify the
various sub-stages of DR.
MATERIALS AND METHODS

Development of the Multi-lncRNA
PCR Panel
Customized human lncRNA primers were developed (Table 1)
and subsequently aliquoted and air dried into a 96-well plastic
qPCR plate. Custom qPCR plates were stored in -20°C prior to
use. A single panel (consisting of 10 wells) in the lncRNA PCR
plate examined 9 distinct lncRNAs (MALAT1, HOTAIR, H19,
MEG3, ANRIL, MIAT, WISPER, ZFAS1, and HULC) and one
house-keeping gene (b-actin). Synthesized cDNA (following the
protocol below) was diluted and combined with SYBR-green
master mix (Takara Bio, Mountain View, CA, USA), and then
April 2022 | Volume 13 | Article 851967
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aliquoted into the 96-well PCR plate containing the pre-
aliquoted PCR panel. The panel was then inserted into the
LightCycler 96 System (Roche Diagnostics, Laval, QC, CAN)
for amplification.

RNA Isolation and Quantitative Real-Time
Polymerase Chain Reaction (RT-qPCR)
As described by us previously (12–15), total RNA was extracted
using the TRIzol reagent (Invitrogen). RNA concentrations were
quantified using a spectrophotometer (260 nm; Gene Quant,
Pharmacia Biotech, USA) and 1-2 mg of total RNA was reverse
transcribed to complementary DNA (cDNA) using a high-
capacity cDNA reverse-transcription kit (Applied Biosystems/
Thermo Fisher Scientific). cDNA was then amplified in the
LightCycler 96 System (Roche Diagnostics, Laval, QC, CAN)
using the multi-lncRNA PCR panel. RT-qPCR results were
analyzed using the LightCycler 96 SW 1.1 software (Roche)
and expression levels were calculated by the relative standard
curve method using b-actin as an internal control for
sample normalization.

Cell Culture
Prior to the clinical validation of our panel, we first validated our
assay in vitro. Human retinal microvascular endothelial cells
(HRECs; Cell Systems, Kirkland, WA, USA; catalog number
ACBRI 181) were cultured in endothelial basal media-2 (EBM-2,
Lonza, Walkersville, MD, USA) containing endothelial growth
media-2 (EGM-2) SingleQuots (Lonza). All cells were grown in
75 cm2 culture flasks and maintained in a humidified incubator
containing 5% CO2 at 37°C. As described previously (12, 14), to
reduce variability for experimentation, cells were used between
passages three and six and the cellular densities were determined
accordingly based on the type of culture plates used for each
experiment. Generally, once 80% confluence was obtained post-
seeding, ECs were cultured in serum and growth factor-free
Frontiers in Endocrinology | www.frontiersin.org 379
medium overnight before exposure to different D-glucose levels
(final glucose concentrations of 5 mmol/L, mimicking
normoglycemia [NG], and 25 mmol/L , mimicking
hyperglycemia [HG]) for 48 hours; the selected glucose level is
based on a large volume of previous experiments (12–15).
Twenty-five mmol/L L-glucose was used as osmotic control.
All in vitro experiments were independently repeated at least
three times and performed with six replicates, unless specified.

Collection and Analyses of Vitreous and
Serum Samples
The study was approved by the Western Research Ethics Board
and Lawson Health Research Institute at the University of
Western Ontario (London, ON, CAN). Informed consent was
received from patients prior to obtaining specimens and the
research was conducted following the Declaration of Helsinki. As
an initial test to identify whether serum lncRNAs appropriately
reflect the vitreous lncRNAs, we collected both serum and
undiluted vitreous humor (VH) samples from patients,
undergoing a pars plana vitrectomy by an experienced
vitreoretinal surgeon (12). These samples were categorized into
two groups: control and DR.

In the initial cohort, the DR group comprised of patients
diagnosed with advanced stages of DR, including proliferative
DR (PDR; n= 11; mean age ± SD= 60.9 ± 10.4 years; 10 males and
1 female, 1 type I diabetic and 10 type 2 diabetics), while the
control group consisted of patients that had no previous history
of DR and were diagnosed with idiopathic macular hole or a
separate non-diabetic ocular condition (n= 10; mean age ± SD=
69.2 ± 8.9 years; 2 males and 8 females). PDR was defined as the
presence of neovascularization or fibrous proliferation of the disc
or elsewhere on the retina. Total RNA was extracted from 500 mL
of VH and 200 mL of serum samples using a serum RNA
extraction kit (Bio Basic Inc., Markham, ON, CAN) and was
subsequently examined by RT-qPCR.

Following the results of our initial experiment, we expanded
our test using only serum samples from a larger new cohort of
patients. Briefly, undiluted serum samples were collected in BD
gold-top serum separator tubes. Serum specimens were
submitted to the research laboratory, where total RNA was
extracted from 200 mL of serum samples using TRIzol and the
serum RNA extraction kit mentioned above. The expression
levels of the 9-specific lncRNAs (ANRIL, H19, HOTAIR, HULC,
MALAT1, MEG3, MIAT, WISPER and ZFAS1) were assessed
using RT-qPCR, where a research technician was masked to the
sample type. The subjects include 7 type I diabetic and 52 type 2
diabetics. Specimens were categorized into two groups: control
(‘C’) and diabetic retinopathy (‘P’; DR). The ‘P’ group comprised
of diabetic patients diagnosed with varying stages of DR
(indicated as ‘0’= diabetic patients with no retinopathy, ‘1’ =
diabetic patients with non-proliferative DR [NPDR], and ‘2’=
diabetic patients with proliferative DR [PDR]) (n= 59; mean age
± SD= 64.2 ± 11.5 years; 44 males and 15 females), while the
control group consisted of non-diabetic patients who were seen
at the eye clinic for conditions unrelated to diabetes (n= 11; mean
age ± SD= 62.9 ± 17.3 years; 4 males and 7 females).
TABLE 1 | Human lncRNA qPCR primers used for the PCR panel.

Target Gene (Human): Oligonucleotide Sequence (5’!3’):

ACTB (B-actin) F: CCTCTATGCCAACACAGTGC
R: CATCGTACTCCTGCTTGCTG

HOTAIR F: GGGGCTTCCTTGCTCTTCTTATC
R: CTGACACTGAACGGACTCTGTTTG

H19 F: AAAGACACCATCGGAACAGC
R: AGAGTCGTCGAGGCTTTGAA

WISPER F: CCATCTGTGGGACATCTGTG
R: TGGGGGCTGTGGAGATAGTA

ZNFX1-AS1 (ZFAS1) F: CAGCGGGTACAGAATGGA
R: TCAGGAGATCGAAGGTTGTAGA

HULC F: ATCTGCAAGCCAGGAAGAGTC
R: CTTGCTTGATGCTTTGGTCTGT

ANRIL F: CCCTTATTTATTCCTGGCTCC
R: GACCTCGCTTTCCTTTCTTCC

MALAT1 F: TCTTAGAGGGTGGGCTTTTGTT
R: CTGCATCTAGGCCATCATACTG

MIAT F: GGGAGGGGAAATGGGTGATGTA
R: TAACGCCAAATGTGAAGTGTGA

MEG3 F: CGGCTGGGTCGGCTGAAGAACT
R: CCGCCCAAACCAGGAAGGAGAC
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Statistical Analyses
Statistical differences were evaluated between groups using
GraphPad Prism 7 (La Jolla, CA, USA) and Microsoft Excel
(Washington, USA). Data were considered statistically
significant if the p value was less than 0.05. Statistical
significance for the clinical samples (with non-normal
distribution) were identified using the Mann-Whitney U test
(when comparing two conditions) or Kruskal-Wallis one-way
ANOVA (for multiple group comparisons) and linear regression
analyses wherever appropriate. ROC curves were used to
elucidate clinical significance of lncRNA molecules in control
versus diabetic patients with no retinopathy, NPDR and PDR by
comparing sensitivities and false positive rates. AUC numbers
were approximated simply by sum of the areas of rectangles in
the ROC curves. Creatinine and HbA1c levels were compared
between control and patient groups using Spearman’s rank
correlation coefficient. Two outliers from control samples I6
and A1 for MEG3 (86096.52 and 2022.94, respectively) were
removed for better graphical representation of the results.

Data Availability
All data generated or analyzed during this study are included in
this published article.
RESULTS

Glucose Causes Differential Expressions
of lncRNAs in Retinal Endothelial Cells
Using our established cell culture model and RT-qPCR (12–15,
17), we confirmed the lncRNA expressions of ANRIL, H19,
HOTAIR, HULC, MALAT1, MEG3, MIAT, WISPER, and
ZFAS1 in HRECs exposed to 25 mM (HG) or 5 mM (NG)
glucose over 48 hours from our array (Figure 1). As depicted in
Frontiers in Endocrinology | www.frontiersin.org 480
Figure 1, HG induced significant upregulations of ANRIL,
HOTAIR, HULC, MALAT1, and ZFAS1, and a significant
downregulation of H19 in HRECs compared to NG controls.
Although not statistically significant, in comparison to NG
controls, general trends of upregulation were observed for
MIAT and WISPER, while MEG3 appeared to demonstrate
decreased expressions following HG stimulation. No alterations
of such lncRNA expressions were seen when the cells were
exposed to 25mM L-glucose (not shown).

Expressions of lncRNAs in the
Serum Correlates With Vitreous
Levels in Diabetic Retinopathy
As an initial proof-of-concept experiment, we wanted to
determine whether the selected lncRNAs could be detected in
human DR. So, we analyzed both vitreous humor and serum
samples from an initial small cohort of patients as outlined above
using the customized qPCR-based panel. Similar to the trends
observed in vitro, differential expressions of lncRNAs were found
in the vitreous and serum of patients with PDR compared to
non-PDR patients—further suggesting the biological significance
of lncRNAs in human DR (Figure 2). Specifically, alterations
were significantly pronounced in the serum expression levels of
ANRIL (Figure 2A), H19 (Figure 2B), HOTAIR (Figure 2C),
MALAT1 (Figure 2E), WISPER (Figure 2H) and ZFAS1
(Figure 2I) in PDR. However, we did not find significant
alterations with respect to the serum expressions of HULC
(Figure 2D), MEG3 (Figure 2F) and MIAT (Figure 2G) in
PDR, and such findings may be related to the relatively small
sample size. Moreover, as shown in Figure 3, significant
expressions of ANRIL (Figure 3A), HOTAIR (Figure 3B), H19
(Figure 3C),MALAT1 (Figure 3E),MIAT (Figure 3G),WISPER
(Figure 3H) and ZFAS1 (Figure 3I) were observed in the
vitreous of PDR patients, while statistical significances were
FIGURE 1 | Glucose-treated human retinal endothelial cells (HRECs) demonstrate differential expressions of lncRNAs at 48 hours. RT-qPCR analysis of ANRIL, H19,
HOTAIR, HULC, MALAT1, MEG3, MIAT, WISPER and ZFAS1 expressions in HRECs exposed to 25 mM (HG) or 5 mM (NG) glucose over 48 hours [data (mean ±
SEM); N=6 per group; normalized to b-actin and expressed as a fold change of NG; *p<0.05 compared to NG].
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not observed for HULC (Figure 3D ) and MEG3
expressions (Figure 3F).

When comparing the level of lncRNA expressions between
serum and vitreous samples, significant correlations were
observed for HOTAIR (Figure 4A), ANRIL (Figure 4B), H19
(Figure 4C), MALAT1 (Figure 4E), WISPER (Figure 4H) and
ZFAS1 (Figure 4I), which suggests that the level of expression for
these lncRNAs in the serum parallels that of the lncRNA
expression levels in the vitreous. We did not find significant
correlations between serum and vitreous concentrations of
HULC (Figure 4D),MEG3 (Figure 4F), andMIAT (Figure 4G).

Demographic Data and Disease
Characteristics of the Study Population
Following the results from our proof-of-concept experiment, we
expanded our study by examining the expression of the above
lncRNAs in the serum of a new cohort of non-diabetic patients
and diabetic patients with various stages of DR. As shown in
Table 2, males were more predominant in the diabetic patient
group, while females were more prevalent in the control group.
As expected, the diabetic patient group also had a slightly higher
means of BMI, hemoglobin A1c [HbA1c], and creatinine levels
compared to the control group. However, when examining the
diabetic patient groups according to the presence of retinopathy,
no significant differences were observed for age, BMI, or
creatinine levels, while significances were observed for HbA1c
and gender distribution between diabetic patients with
Frontiers in Endocrinology | www.frontiersin.org 581
retinopathy and those without. Furthermore, when comparing
between NPDR and PDR patients, no significant differences were
observed across age, type of diabetes, BMI, creatinine, HbA1c,
and gender distribution.

A Pattern of lncRNA Alterations Were
Observed in the Serum in Diabetes
As shown in Figure 5, significant increased lncRNA expressions
of ANRIL, H19, HOTAIR, HULC, MIAT, WISPER and ZFAS1
were observed in the serum of diabetic patients (with varying
stages of DR; group ‘P’) compared to non-diabetic patients
(without DR; group ‘C’). Interestingly, although not significant,
MEG3 lncRNA levels demonstrated decreasing trends in diabetic
patients compared to control patients (p = 0.67), whileMALAT1
levels exhibited increasing trends in the diabetic patient group (p
= 0.09). No significant correlations were demonstrated between
the lncRNA expression profiles and the creatinine (Table 3) or
HbA1C levels (Table 4) in the non-diabetic and diabetic
patient groups.

Stage Dependent Alterations of
lncRNAs in DR
When the data of various patient subgroups were analyzed, the
average expression levels for 8 lncRNAs were generally increased
across all diabetic patient sub-groups (‘DM’, ‘NPDR’, and ‘PDR’)
when compared to controls (Figure 6). Such alterations were not
observed with MEG3. Interestingly, when comparing between
A B

D E F

G IH

C

FIGURE 2 | Differential expressions of lncRNAs in the serum of patients. RT-qPCR analyses of (A) ANRIL, (B) H19, (C) HOTAIR, (D) HULC, (E) MALAT1, (F) MEG3,
(G) MIAT, (H) WISPER, and (I) ZFAS1 expressions in the serum of patients with proliferative diabetic retinopathy (PDR) compared to controls (non-diabetic patients).
Data is expressed as a ratio to b-actin. Statistical significance was assessed using the Mann-Whitney U test. Data represents the mean ± SD (N=10 per control
group or N=11 per PDR group; ns, not significant, **p<0.01, ***p<0.001, or ****p<0.0001).
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control and ‘DM’ groups, significances were observed for the
lncRNAs ANRIL, H19, HULC, MIAT, WISPER, and ZFAS1. In
addition, when the control group was compared with the ‘NPDR’
sub-group, significances were observed for 8 out of the 9
lncRNAs, apart from MEG3. Additionally, comparing the
lncRNA expression levels between control and PDR groups
also demonstrated statistical significance for ANRIL, H19,
HOTAIR, HULC, MIAT, ZFAS1, and WISPER, while MEG3
and MALAT1 did not show significance. These observations
suggest a duration-dependent change in the lncRNA expression
profiles in the serum, where the duration of diabetes may reflect
distinct lncRNA expression patterns. Collectively, the results
suggest that these 9 lncRNAs can be used as biomarkers of DR.

To further examine significance of the serum levels of the
analytes, area under the curve (AUC) was calculated. AUC
analyses demonstrated that the lncRNAs of interest have
potential diagnostic value in discriminating diabetic patient
sub-groups (diabetes, NPDR, and PDR) from control non-
diabetic patients. (95% CI, two-tailed Z-critical values were
used to calculate p-values) (Table 5). Specifically, using AUC,
comparison between control patients and diabetic patients with
no DR demonstrated a significant difference in 9 lncRNAs, where
HULC had the highest AUC (p < 0.05) andMEG3 had the lowest
AUC (p < 0.05). Furthermore, when analyzing the AUC values
Frontiers in Endocrinology | www.frontiersin.org 682
for control and NPDR patients, all 9 lncRNAs demonstrated
statistical significance and 7 out of 9 lncRNAs had AUC values
greater than 0.7, except for MEG3 and MALAT1. Additionally,
comparison of AUC values between control patients and PDR
patients demonstrated significance for all the lncRNA markers
and 6 out of the 9 lncRNAs had AUC values greater than or equal
to 0.7, apart from H19,MEG3 andMALAT1. Interestingly, when
comparing between diabetic patients with no retinopathy and
diabetic patients with DR (NPDR or PDR), all 9 lncRNAs
demonstrated AUC values ranging between 0.460 to 0.570 with
significant statistical differences. Furthermore, although
significant, AUC values for the 9 lncRNAs ranged between
0.290 to 0.420 when comparing between NPDR and PDR
patients. Collectively, these results demonstrate that the 9
examined lncRNAs may be used as a prognostic tool to
discriminate between non-diabetic and diabetic patients with
DR, as well as potentially discriminate various stages of DR (mild
NPDR to severe PDR) from diabetic patients without DR.

Alteration of Specific lncRNAs Phenotypes
May Be Predictive of DR
Given the various lncRNA expression profiles, we wanted to further
determine whether combinations of specific lncRNA phenotypes
existed across control and diabetic patient sub-groups. Through Z-
A B

D E F

G IH

C

FIGURE 3 | Differential expressions of lncRNAs in the vitreous fluid of patients. RT-qPCR analyses of (A) ANRIL, (B) HOTAIR, (C) H19, (D) HULC, (E) MALAT1, (F)
MEG3, (G) MIAT, (H) WISPER, and (I) ZFAS1 expressions in the vitreous of patients with proliferative diabetic retinopathy (PDR) compared to controls (non-diabetic
patients). Data is expressed as a ratio to b-actin. Statistical significance was assessed using the Mann-Whitney U test. Data represents the mean ± SD (N=10 per
control group or N=11 per PDR group; ns, not significant, **p<0.01, ***p<0.001, or ****p<0.0001).
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score calculations and by comparing the mean and standard
deviations for each lncRNA expression levels in diabetic patients
against controls, we found that the ANRIL+/HOTAIR+/HULC
+/(H19), (MIAT)/WISPER+/ZFAS1+/(H19), and ANRIL
+/HOTAIR+/HULC+/WISPER+/ZFAS1+/(H19) phenotypes were
prevalent in 33.9%, 35.6%, and 30.5% of all diabetic patients (n = 59
patients), respectively (Table 6). Interestingly, when examining both
diabetic patients with either NPDR or PDR against control patients
(n = 49 patients), 34.7% of these patients presented with the ANRIL
+/HOTAIR+/HULC+/(H19) phenotype, 38.8% exhibited the
(MIAT)/WISPER+/ZFAS1+/(H19) phenotype, and 30.6% of these
patients demonstrated the ANRIL+/HOTAIR+/HULC+/WISPER
+/ZFAS1+/(H19) phenotype. Specifically, in just the NPDR group
(n = 26 patients), the most prevalent phenotypes included ANRIL
+/HOTAIR+/HULC+/(H19) (46.2%), (MIAT)/WISPER+/ZFAS1
+/(H19) (53.8%), and ANRIL+/HOTAIR+/HULC+/WISPER
+/ZFAS1+/(H19) (38.5%). While the prevalent lncRNA
phenotypes in the PDR group (n = 23 patients) included ANRIL
+/HOTAIR+/HULC+/(H19) (21.7%), (MIAT)/WISPER+/ZFAS1
+/(H19) (21.7%) and ANRIL+/HOTAIR+/HULC+/WISPER
+/ZFAS1+/(H19) (21.7%). These findings suggest that unique
lncRNA phenotypes could exist for specific diabetic patients,
particularly those presenting at a certain stage of DR. We further
applied regression model in this analysis (Supplementary Table 1).
However, no further improvement in the diagnostic accuracy
was seen.
DISCUSSION

The emergence of diabetes as a global epidemic is a major
challenge to human health in the 21st century, with a global
prevalence of 8.8% of the global adult population in 2017 (20).
Among the diabetic population, a recent meta-analysis in 2020
estimated that the global prevalence for DR was 22.27%, 6.17%
for vision-threatening DR, and 4.07% for clinically significant
macular edema (21). If the current rate of DR prevalence remains
constant over the next 25 years, it is estimated that the global
number of adults with DR will further increase by 25.9% (129.84
million) in 2030 and by 55.6% (160.50 million) in 2045 (21).
Although the likelihood of DR-induced vision impairment can
be greatly reduced if DR is diagnosed in its early stages and
treated accordingly, nearly one-third of patients with diabetes fail
to follow vision care guidelines in the US and non-adherence has
reached more than 60% in developing countries, which is largely
attributable to the limited accessibility of ophthalmic services
and elevated costs (22). Furthermore, the current gold standard
for DR screening is based on clinical examinations (with various
diagnostic tools), and DR is clinically diagnosed with the onset of
ophthalmoscopic signs. However, since biochemical and
functional defects in the eye often precede the development of
vascular lesions and the onset of clinical signs (23), it is critical
that novel, accurate, low-cost, and predictive screening tools are
developed that can identify the best therapeutic window for
patients who have not yet developed clinically evident
retinopathy and still have their visual function intact—since
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FIGURE 5 | Expression levels of lncRNAs in patients and controls. Boxplots represent comparison between expression level of 9 specific lncRNAs (ANRIL, H19,
HOTAIR, HULC, MALAT1, MEG3, MIAT, WISPER and ZFAS1) detected by RT-qPCR in patient and control groups. The median and interquartile range (25th -75th

percentile), are shown as solid horizontal lines. Two outliers from control samples I6 and A1 for MEG3 (86096.52 and 2022.94, respectively) were removed for better
graphical representation of the results. Statistical significance was assessed using Mann-Whitney U test (*p<0.05, **p<0.005, or ***p<0.0005; N=11 for control
patients and N= 59 for diabetic patients). Statistical significance was considered at p<0.05. Legend: Control = Non-diabetic patients without any diabetic retinopathy;
Patient = Diabetic patients with or without diabetic retinopathy.
TABLE 3 | Creatinine Spearman’s rank correlation coefficient.

Spearman correlation coefficient r (Control n=6, Patient n= 55)

ANRIL H19 HOTAIR HULC MALAT1 MEG3 MIAT WISPER ZFAS1

Control n = 6
r -0.45 0.23 -0.42 -0.18 -0.58 0.57 -0.17 -0.40 -0.33
P-value 0.224 0.546 0.265 0.637 0.099 0.112 0.668 0.286 0.381

Patient n = 55
r 0.029 -0.080 0.057 0.001 -0.070 -0.112 -0.077 0.040 -0.008
P-value 0.836 0.574 0.681 0.996 0.611 0.415 0.576 0.774 0.956

Combined P and C, n=61
r 0.001 0.023 0.000 0.060 -0.135 -0.022 0.005 0.076 -0.024
P-value 0.993 0.860 0.998 0.645 0.299 0.864 0.967 0.562 0.851
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Spearman's rank correlation coefficients of lncRNAs and Creatinine expression. To obtain p-values, t-statistic was used.
Method:
1. Similar to HbA1c.
TABLE 4 | HbA1c Spearman’s rank correlation coefficient.

Spearman's rank correlation coefficient r (Control n = 7, Patient n = 51)

ANRIL H19 HOTAIR HULC MALAT1 MEG3 MIAT WISPER ZFAS1

Control n = 7
r 0.36 -0.49 0.68 0.07 0.00 -0.74 0.14 0.34 0.52
P-value 0.427 0.268 0.090 0.878 1.000 0.058 0.758 0.452 0.229

Patient n = 51
r 0.022 0.083 -0.063 -0.044 -0.143 -0.075 -0.054 -0.178 -0.106
P-value 0.879 0.564 0.662 0.760 0.318 0.602 0.705 0.211 0.459

Combined P and C, n=58
r 0.237 0.103 0.164 0.167 0.034 -0.157 0.094 0.022 0.133
P-value 0.074 0.439 0.219 0.210 0.803 0.238 0.481 0.869 0.320
Spearman's rank correlation coefficients of lncRNAs and HbA1c expression. To obtain p-values, t-statistic was used.
Method:
1. lncRNA and HbA1c amounts for each sample was ranked using RANK.AVG () function.
2. Step 1 was done for control (n=7), for all patients with available HbA1c values (n=51 – some patients missing this information), and for the combination of both (n=58).
3. Correlation between the two ranks for each sample was calculated using CORREL() function.
4. T-statistic, degree of freedom was calculated for each correlation to obtain p-value using TDIST() function.
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this sub-population of diabetic patients comprise the majority
and respond better to regimented therapies early on (23).
Nevertheless, the current approaches for diagnostic evaluation
can be labor-intensive, time-consuming, and susceptible to
diagnostic variation due to clinical subjectivity (24) and the
advent of novel diagnostic technologies, which provide effective
clinical utility, is greatly required, as the prevalence of DR
continues to rise exponentially.

Long non-coding RNAs (lncRNAs) represent a promising
class of RNA molecules that can be targeted and exploited for
therapeutic and diagnostic purposes. Given their limited protein-
coding capacities, research over the last decade have
demonstrated the versatile and critical roles of lncRNAs in
cancer progression (25), neurodegenerative diseases (26),
diabetes (27), and even diabetic complications such as DR (12,
14, 15, 28). To further demonstrate the importance of lncRNAs
in the context of DR screening, the present study examines the
diagnostic and prognostic potential of 9 circulating lncRNAs in
diabetic patients with or without DR compared to non-diabetic
controls. Serum samples of diabetic patients (with varying stages
of DR) exhibited significant increases in the expressions of
ANRIL, H19, HOTAIR, HULC, MIAT, WISPER and ZFAS1,
while expression levels of MALAT1 and MEG3 did not
demonstrate statistical significance when compared to controls.
However, when further stratifying the diabetic patients into
distinct subsets of DR and comparing the lncRNA expression
levels against controls, significant differential expressions were
observed for 8 out of the 9 lncRNAs except for MEG3. The
differential expression profiles observed for the lncRNAs in this
study are consistent with previous reports that have documented
the de-regulated nature of lncRNAs in DR (12, 14, 15, 29–31),
which further supports the diagnostic and prognostic potential of
lncRNAs for DR screening. It is to be noted that in this
exploratory study, we didn’t use a synthetic spike-in RNA as
Frontiers in Endocrinology | www.frontiersin.org 1086
control. We used b-actin as internal control along with several
positive controls (cell culture) and negative controls for
our assays.

Although the mechanisms of action for lncRNAs continue to
be elucidated, a large body of literature supports the notion that
lncRNAs can govern gene expressions through various
mechanisms: 1) guiding molecular complexes (e.g., chromatin-
modifying enzymes) to target genomic regions (32), 2)
functioning as a decoy for transcription factors (33), 3) serving
as a scaffold to assist in the assembly of protein complexes (34),
4) directly enhancing the activation of neighboring genes (35),
and 5) acting as a sponge that sequesters critical microRNAs
(36). Although lncRNAs may exert more than one of the above
mechanisms, the subcellular localization of lncRNAs can further
provide insights into the structural features and distinct
functionalities of lncRNAs, with nuclear-retained lncRNAs
playing important roles in transcriptional regulation and
cytoplasmic-retained lncRNAs being implicated in post-
transcriptional regulation (37, 38). Furthermore, in the context
of diabetes, chronic hyperglycemia can initiate various cellular
events, such as angiogenesis, inflammation, oxidative damage,
and fibrosis, which can further stimulate the transcription of
various lncRNAs (28).

The lncRNAs used in the PCR panel are well-documented in
literature. Specifically, HOTAIR is a trans-acting lncRNA that
can directly interact with several epigenetic enzymes (e.g.,
polycomb repressive complex 2; PRC2) to regulate the
expressions of multiple genes involved in various disease
processes, including cancer progression, ischemic stroke,
diabetes, and recently angiogenesis in DR (12, 29, 39, 40). As
for the lncRNA MALAT1 (also known as NEAT2), aberrant
MALAT1 expressions have been documented in the retinas of
diabetic rodents and various retinal cells cultured in high glucose
environments (31). Several studies have also demonstrated
FIGURE 6 | Expression levels of lncRNAs in controls and patients diagnosed with varying stages of DR. Boxplots represent comparison between expression level of
9 specific lncRNAs (ANRIL, H19, HOTAIR, HULC, MALAT1, MEG3, MIAT, WISPER and ZFAS1) detected by RT-qPCR in control and patient groups (DM = diabetic
patients with no retinopathy, NPDR = diabetic patients with non-proliferative DR, and PDR = diabetic patients with proliferative DR). The median and interquartile
range (25th -75th percentile), are shown as solid horizontal lines. Two outliers from control samples I6 and A1 for MEG3 (86096.52 and 2022.94, respectively) were
removed for better graphical representation of the results. Statistical significance was assessed using Mann-Whitney U test (*p<0.05, ***p<0.0005; N=11 for control
patients, N=10 for DM patients, N=26 for NPDR patients, and N=23 for PDR patients). Statistical significance was considered at p<0.05.
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MALAT1’s inflammatory functionalities in various diabetic
complications (14, 41, 42). Interestingly, in alignment with our
findings, Shaker et al. have demonstrated that significant
increases in serum HOTAIR and MALAT1 levels were evident
in NPDR and PDR patients compared to healthy controls and
through ROC analyses, these lncRNAs could discriminate NPDR
and PDR from non-DR controls, further supporting the
diagnostic and prognostic utility of lncRNAs as potential non-
invasive biomarkers for DR screening and early diagnosis of
PDR (29).

H19, a conserved and maternally imprinted lncRNA, is
implicated in several pathophysiological processes (43). Few
studies have examined H19 in DR, however we have previously
confirmed H19’s role in preventing the glucose-induced
phenotypic switch of endothelial cells in the diabetic retina
(known as endothelial-to-mesenchymal transition; EndMT)
(15). Hyperglycemia was shown to promote the upregulation
of mesenchymal markers and the downregulation of both H19
and endothelial cell markers, and subsequent overexpression of
H19 in HG-treated HRECs dramatically reversed the trends
evoked by hyperglycemia, suggesting a potential protective role
for H19 in preventing EndMT in DR. Interestingly, in our
current findings, H19 expression levels were relatively
increased across all diabetic patient sub-groups with or without
DR compared to controls, which may be attributed to patient-
specific and/or biological differences (e.g., absence of EndMT).
Similar to H19, maternally expressed gene 3 (MEG3) is a
maternally imprinted gene that exerts critical developmental
properties (44). Several lines of evidence also suggest that the
inactivation of this gene and the subsequent loss of the MEG3
lncRNA (along with its diseases-suppressive properties) are
frequently documented in numerous cancers and diabetic
environments (19, 45–47). In parallel with our findings,
reduced serum levels of MEG3 were observed in patients with
DR compared to controls, which may suggest a reduction in the
protective mechanisms exerted by MEG3 (46), however
additional studies are warranted to confirm this notion.

Although the lncRNAs WISPER (Wisp2 super-enhancer-
associated RNA), HULC (Highly upregulated in liver cancer), and
ZFAS1 (ZNFX Antisense RNA 1) have not been extensively
examined in the context of DR, these critical lncRNAs are
pathologically involved in the development of cardiac fibrosis
(16), metastatic progression of hepatocellular carcinoma (48), and
diabetic cardiomyopathy (17), respectively. Given the increased
expressions of these lncRNAs in HG-treated HRECs and the
serum and vitreous specimens of DR patients observed from our
study, it may be reasonable to speculate that WISPER, ZFAS1 and
HULC may have similar pathogenetic phenotypes in patients with
DR, however additional mechanistic studies are warranted to
further delineate their mechanisms in DR progression.

The antisense RNA to INK4 locus (ANRIL; also known as
CDKN2B-AS1) gene gives rise to a 3.8-kb lncRNA that is
prominently deregulated in many diseases, including diabetic
cardiomyopathy and nephropathy (49–51). Whether ANRIL
exerts similar functional and mechanistic capabilities in DR
remains limited. However, a recent study, demonstrated for the
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first time by us, alludes to the angiogenic capabilities of this
lncRNA in advancing DR. As evident by the findings from both
in vitro and in vivo experiments, hyperglycemia can significantly
induce the upregulation of ANRIL in HG-treated HRECs and in
the retinas of diabetic mice, and subsequent knockdown of
ANRIL can greatly hamper glucose-induced retinal
angiogenesis (13). Furthermore, in a separate study by Toraih
et al., ANRIL and 3 additional circulating lncRNAs (RNCR2,
MALAT1, and PVT1) did not show an association with DR
progression or anti-VEGF therapy response, but the expression
patterns of these lncRNAs demonstrated good diagnostic
performance in differentiating DM from controls and DR (30).
Another prominent lncRNA involved in the pathogenesis of DR
is myocardial infarction-associated transcript (MIAT; also
referred to as RNCR2, Gomafu, or AK028326) (11, 52). MIAT
is significantly upregulated in the retinas of diabetic rodents, and
in the fibrovascular membranes of diabetic patients compared to
non-diabetic controls (11). In vitro experiments also indicated
that expressions of MIAT are upregulated in several HG-treated
retinal cell lines, while increased plasma levels of MIAT have
been found to be significantly associated with the presence of DR
(53). Taken together, the increased MIAT and ANRIL
expressions observed in the present study confirms the
pathogenetic nature of these lncRNAs documented in previous
studies, and long-term clinical studies are required to further
discern the diagnostic performance of these lncRNAs.

Undoubtedly, the results from the current study provide
unique insights into the potential discriminative abilities of
lncRNAs for identifying patients with DR from patients
without DR. However, given the small sample size and cross-
sectional nature of the study, additional modelling, and
extrapolation of long-term outcomes between lncRNA
Frontiers in Endocrinology | www.frontiersin.org 1288
expression levels, diabetes mellitus, and the various subsets of
DR could not be determined. As well, due to the exploratory
nature of this study, selection bias was inevitably introduced with
respect to specimen selection. Future prospective screening
studies, with larger sample sizes, should be conducted in order
to increase the sensitivity of the assay and help determine
whether certain sub-stages of DR can be detected, through
lncRNA expression levels and/or combination of lncRNA
phenotypes, before clinical diagnosis.

Nevertheless, the on-going research work on lncRNAs
continues to evolve our understanding of various pathologies
and their respective molecular mechanisms. Given the critical
nature of lncRNAs and their involvement in disease progression,
exploiting these RNA transcripts for diagnostic and/or
therapeutic approaches may guide optimal treatment strategies
and long-term benefits for patients. As such, the collective
findings from this study highlight unique expression patterns
for a subset of 9 well-studied lncRNAs (MALAT1, HOTAIR,
ANRIL, ZFAS1, HULC, H19, WISPER, MIAT, and MEG3) for
patients with and without DR, and subsequent analysis of these
lncRNA signatures may provide important clinical utility for the
prediction and diagnosis of DR severity. However, additional
long-term and larger prospective studies are warranted in order
to determine such utility of lncRNA biomarkers.
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TABLE 6 | Diagnostic performance of lncRNA of various potential combinations of lncRNAs in the Control and Patient groups.

Phenotype Control
(n=11)

All patients
(n=59)

DM
(n=10)

NPDR
(n=26)

PDR
(n=23)

NPDR+PDR (n=49)
(%total; %NPDR/%PDR)

Groups of 4
ANRIL+/HOTAIR+/HULC+/H19+ 0 0 0 0 0 0
ANRIL+/HOTAIR+/HULC+/(H19) 1 (9.1%) 20 (33.9%) 3 (30%) 12 (46.2%) 5 (21.7%) 17 (34.7%; 70.6/29.4)
(ANRIL)/(HOTAIR)/(HULC)/(H19) 8 (72.7%) 17 (28.8%) 3 (30%) 3 (11.5%) 11 (47.8%) 14 (28.6%; 21.4/78.6)

Groups of 4
MIAT+/WISPER+/ZFAS1+/H19+ 0 0 0 0 0 0
(MIAT)/WISPER+/ZFAS1+/(H19) 1 (9.1%) 21 (35.6%) 2 (20%) 14 (53.8%) 5 (21.7%) 19 (38.8%; 73.7/26.3)
(MIAT)/(WISPER)/(ZFAS1)/(H19) 8 (72.7%) 19 (32.2%) 5 (50%) 5 (19.2%) 9 (39.1%) 14 (28.6%; 35.7/64.3)

Groups of 6
ANRIL+/HOTAIR+/HULC+/WISPER+/ZFAS1+/H19+ 0 0 0 0 0 0
ANRIL+/HOTAIR+/HULC+/WISPER+/ZFAS1+/(H19) 1 (9.1%) 18 (30.5%) 3 (30%) 10 (38.5%) 5 (21.7%) 15 (30.6%; 66.7/33.3)
(ANRIL)/(HOTAIR)/(HULC)/(WISPER)/(ZFAS1)/(H19) 8 (72.7%) 14 (23.7%) 3 (30%) 2 (7.7%) 9 (39.1%) 11 (22.4%; 18.2/81.8)
April 2022 | V
+ means at least 1SD higher fold of lncRNA expression compared to control’s mean. lncRNA in parenthesis indicate level of lncRNA could not fall below or rise above 1SD of control’s
mean. Abbreviations: DR, diabetic retinopathy; DM, diabetes mellitus; PDR, proliferative diabetic retinopathy; NPDR, nonproliferative diabetic retinopathy.
Method:
1. Mean and SD of the control (n=11) was calculated for each of the nine lncRNA.
2. A Z-score was given to each sample based on their distance from the mean and SD of the control.
3. The scores were grouped intro +1SD, +2SD +3SD or more, and -1SD.
4. Phenotypes were formed. ANRIL+ means if ANRIL is expressed at least 1SD above the control’s mean calculated in step 1. (ANRIL) means the level of ANRIL could not fall or rise above
1SD of control’s mean: -1SD < ANRIL < +1SD.
5. The date is shown in this format: #count (%percent) unless the value is 0.
6. Only column NPDR+PDR contains extra information for the percentage of each NPDR and PDR showing the phenotype separately. The first value shows % of NPDR (% of NPDR,
% of PDR).
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Using Machine Learning
Techniques to Develop Risk
Prediction Models for the Risk of
Incident Diabetic Retinopathy
Among Patients With Type 2
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Yuedong Zhao1†, Xinyu Li1†, Shen Li1†, Mengxing Dong2†, Han Yu3, Mengxian Zhang1,
Weidao Chen2, Peihua Li1, Qing Yu1, Xuhan Liu1* and Zhengnan Gao1*

1 Department of Endocrinology, Dalian Municipal Central Hospital, Dalian, China, 2 Infervision Institute of Research, Beijing, China,
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Objective: To construct and validate prediction models for the risk of diabetic retinopathy
(DR) in patients with type 2 diabetes mellitus.

Methods: Patients with type 2 diabetes mellitus hospitalized over the period between
January 2010 and September 2018 were retrospectively collected. Eighteen baseline
demographic and clinical characteristics were used as predictors to train five machine-
learning models. The model that showed favorable predictive efficacy was evaluated at
annual follow-ups. Multi-point data of the patients in the test set were utilized to further
evaluate the model’s performance. We also assessed the relative prognostic importance
of the selected risk factors for DR outcomes.

Results: Of 7943 collected patients, 1692 (21.30%) developed DR during follow-up.
Among the five models, the XGBoost model achieved the highest predictive performance
with an AUC, accuracy, sensitivity, and specificity of 0.803, 88.9%, 74.0%, and 81.1%,
respectively. The XGBoost model’s AUCs in the different follow-up periods were 0.834 to
0.966. In addition to the classical risk factors of DR, serum uric acid (SUA), low-density
lipoprotein cholesterol (LDL-C), total cholesterol (TC), estimated glomerular filtration rate
(eGFR), and triglyceride (TG) were also identified to be important and strong predictors for
the disease. Compared with the clinical diagnosis method of DR, the XGBoost model
achieved an average of 2.895 years prior to the first diagnosis.

Conclusion: The proposed model achieved high performance in predicting the risk of DR
among patients with type 2 diabetes mellitus at each time point. This study established the
potential of the XGBoost model to facilitate clinicians in identifying high-risk patients and
making type 2 diabetes management-related decisions.

Keywords: type 2 diabetes mellitus, diabetic retinopathy, machine learning, XGBoost model, cohort study
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INTRODUCTION

DR is the most common microvascular complication of diabetes
mellitus. It has been demonstrated to be a leading cause of
preventable blindness in the working-age population in most
countries (1).

The American Academy of Ophthalmology (AAO), in 2019,
stated that the prevalence of DR among diabetic patients
worldwide is about 34.6%. 10.2% (28 million) diabetic patients
suffer from vision-threatening DR (2). Effective management of
DR requires a deep understanding of the predisposing factors,
early diagnosis, and timely therapeutic intervention. Early
identification of patients at risk of developing DR is the key to
effective intervention, which is significant in reducing the
progression of DR and thereby reducing the risk of blindness
(3). Moreover, individual patients can be stratified according to
different risk levels and get optimal treatment. Due to no typical
symptoms in the early stage of the disease, however, most
patients with DR may not seek medical evaluation until
progression to the proliferative stage, resulting in irreversible
visual damage (4). Therefore, methods for accurate prediction of
the risk of DR are in urgent need.

At present, several DR risk prediction models based on cross-
sectional studies have been developed (5–9). Deep learning
algorithms were also applied (10). Although these models can
predict the occurrence of DR at the index date, they cannot
predict DR occurrence and development of the same patient at
designated time points in the future. This will obviously restrict
their clinical application. Similarly, based on the clinical
characteristics related to the occurrence or development of DR,
several models have been developed for optimization of the
screening interval in DR screening (11, 12). However, due to
the small number of cases in the studies, the proposed models
have not been fully validated so far.

On the other hand, several studies investigated the
pathogenesis and risk factors of DR to provide guidance for
DR management. Epidemiological studies have shown that age,
course of diabetes, hemoglobin A1c(HbA1c), fasting blood
glucose (FBG), blood pressure, blood lipids, body mass index
(BMI), smoking, proteinuria, and several others are all risk
factors for DR (13, 14). Among them, duration of diabetes and
hyperglycemia were demonstrated as strong risk factors for the
occurrence and development of DR (15, 16). However, patients
without DR were hardly unusual among those suffering from
diabetes for a long time (17). The influences of other factors in
DR occurrence also need to be proven. Further studies are
required to elucidate the correlation and thus construct
standard procedures for the management of this disease.

In this retrospective cohort study, we collected electronic
health record data from hospitalized patients with type 2 diabetes
and established the prediction model for future risks of DR based
on a machine learning (ML) algorithm. To our knowledge, this is
the first study to predict the occurrence of DR at each follow-up
time point in up to 10 years. We also explore the risk factors that
may affect the occurrence of DR and hope this work can provide
a basis for further studies concerning the prevention and
management of DR.
Frontiers in Endocrinology | www.frontiersin.org 292
MATERIALS AND METHODS

Study Subjects
The study protocol was approved by the Ethics Committee of
Dalian Medical University Affiliated with the Central Hospital of
Dalian. The ethics committee waived the requirement of written
informed consent for all patients. The data did not contain any
direct patient identifiers. The study adhered to the tenets of the
Declaration of Helsinki.

Datasets
In this retrospective cohort study, we recruited inpatients admitted
to the Department of endocrinology of Dalian Medical University
Affiliated with the Central Hospital of Dalian from January 2010 to
September 2018. Patients who met the following criteria were
included in the current study: 1) Age≥18 years with the diagnosis
of type 2 diabetes; 2) be hospitalized at least once over the follow-up
period; 3) no presence of DR at the time of the first hospitalization.
Patients with other types of diabetes (type 1 diabetes, special type
diabetes, or gestational diabetes) or previous eye diseases (cataract,
glaucoma, or other eye diseases) were excluded. With the criteria
mentioned above, 7943 patients were selected for this study,
including 1692 patients diagnosed with DR in the follow-up
period (DR group) and 6521 control ones without DR (non-DR
group). These patients were randomly divided into a training set
(n=5559) and a test set (n=2384).

Diagnostic Criteria
Diagnostic criteria of type 2 DM are according to 1999 WHO
diagnostic criteria (18). DR was examined by dilated fundus
examination by ophthalmologists and endocrinologists together.
Diagnostic criteria of DR case meet the Diabetic Retinopathy
preferred practice pattern (PPP)-2019 guideline (19). The
grading of DR in this study was based on the International
Clinical Diabetic Retinopathy Severity Scales (20): Grace-1 for no
apparent retinopathy; Grace-2 for mild non-proliferative
diabetic retinopathy (NPDR), which includes microaneurysms
only; Grace-3 for moderate NPDR, which includes more than
just microaneurysms but less than severe nonproliferative DR;
Grace-4 for severe NPDR (any of the following can be diagnosed
as Grace-4: more than 20 intraretinal hemorrhages in each of 4
quadrants, definite venous beading in 2+ quadrants, Prominent
intraretinal microvascular abnormalities in 1+ quadrant); and
Grace-5 for proliferative diabetic retinopathy (PDR). The
individual diagnoses were described according to the diagnosis
and staging of the worse one between the two eyes.

Variable Selection
Patients’ information ondemographics,medical history,medication,
and laboratory datawas extracted from the EHRat baseline and used
as candidate predictor variables for developing DR (Tables S2, S3).
These variables are commonly associated with the risk of DR,
including 11 categorical variables and 20 continuous variables. The
smoking status was defined as: 1) Current smokers: Patients who
smoked more than 100 cigarettes and had not quit smoking at the
index date; 2) Ex-smokers: Patients who smoked more than 100
cigarettes and stopped smoking 30 days before index date; 3) Never
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Zhao et al. Prediction Model of Diabetic Retinopathy
smokers: Patients who had never smoked. The drinking status was
defined as: 1) Current drinkers: Patients who have been drinking or
have not abstained from alcohol for more than one year; 2) Ex-
drinkers: Patients who did not drink or had abstained from drinking
for more than one year; 3) Never-drinks: Patients who had never
drunk.Hypertensionwas defined as a systolic blood pressure of≥140
mmHgand/or adiastolic bloodpressure≥90mmHg,measured twice
ormore on different days, whether antihypertensive drugs were used
or not (21). Blood samples were collected the next morning after
hospital admission with at least 12-h fasting. HbA1c was measured
using the glycosylated hemoglobin analyzer (TOSOH company of
Japan, HLC-723G8). Four items of blood lipids (high-density
lipoprotein cholesterol (HDL-C), TC, LDL-C, and TG), alanine
transaminase (ALT), aspartate transaminase (AST), gamma-
glutamyl transpeptidase(g-GT), serum creatinine (Scr), SUA, and
FBG were detected by automatic biochemical analyzer (Siemens,
Germany, ADVIA2400 biochemical system). The eGFR was
calculated according to the CKD-EPI formula (22). BMI was
calculated as weight (kg) divided by the square of height in meters
(m2); Blood pressure was measured on the right arm in sitting
position three times consecutively at 5-min intervals, with the
mean of the three measurements used for analysis.

Machine Learning Models Construction
Machine learning-based algorithms were selected according to
the criteria below. First, the algorithms should show evaluation
indicators based on mixed data type, including numerical
variables and categorical variables. Second, the algorithms
should have a wide range of applications and a history of
successful usage in related fields. Based on the above criteria,
we selected five machine learning algorithms, Random Forest
(RF) (23), Extreme Gradient Boosting (XGBoost) (24), Logistic
Regression (LR) (25), Support Vector Machine (SVM) (26), and
K-Nearest Neighbor (K-NN) (27), to build the models with all
the variables as predictors in this study. We used the
GridSearchCV method to select the optimal key hyper-
parameters of the five models as shown in Table S3, and other
hyper-parameters were set as default. The models were then
tested and internally validated by fivefold cross-validation.

Statistical Analysis
All statistical analyses were performed by using R statistical and
computing software version 4.0.2 (http://www.r-project.org/).
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Chi-square test was used for categorical variables, and two-
sample t-test for continuous variables to compare the variables
between DR group and non-DR group. Two-tailed hypothesis
testing was used. P<0.05 indicated a statistically significant result.

Performance of the proposed models was assessed mainly in
terms of sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and accuracy. We assessed these
metrics at the optimized prediction threshold identified by the
Youden index. To compare performance across themodels, we also
calculated the area under the receiver operating characteristic curve
(AUC). Significance testing and LASSO penalty were employed to
identify clinical features that are associated with a high risk of DR.
Nomograms were built based on the results of multivariate logistic
regression analysis. The performance of the nomograms was
measured using Harrell’s concordance index (C-index).

RESULTS

Study Population
Baseline characteristics of 7943 patients with type 2 diabetes,
including 1692 patients diagnosed as DR (DR group) and 6521
without DR signs (non-DR group) during the follow-up period, are
presented inTable S4. Themean age of the patientswas 63.54 years,
and 45.7% were women. Mean follow-up time was 3.139 ± 2.243
years, and mean duration of diabetes mellitus was 1.449 ± 2.756
years. To further validate the performance of the model, 829
multipoint data from different follow-up time points were
collected from 508 patients in the test set (supplementary test set).

Prediction Performances of the MLModels
The performances of the prediction models were assessed in
terms of predefined evaluation metrics and ROC (Table 1 and
Figure 1). The XGBoost model outperformed the other models
with the highest AUC (0.913; 95% confidence interval (CI),
0.901-0.925), highest accuracy (79.9%; CI, 76.9%-83.5%),
highest sensitivity (90.2%; CI, 84.8%-94.9%), highest specificity
(77.1&; CI, 72.1%- 82.7%), highest PPV (51.6%; CI, 47.9%-
57.5%) and highest NPV (96.7%; CI, 95.2%-98.1%).

Prediction Performance of the XGBoost
Model in Different Follow-Up Periods
The XGBoost model was further assessed as a potential tool to
predict the occurrence of DR (Table 2). According to follow-up
TABLE 1 | The performance metrics of the cross-validated machine learning algorithms on the test data.

Model AUC (95% CI) Accuracy (95% CI) Sensitivity (95% CI) Specificity (95% CI) PPV (95% CI) NPV (95% CI)

RF 0.872
(0.857, 0.887)

0.764
(0.703, 0.785)

0.817
(0.793, 0.925)

0.749
(0.647, 0. 776)

0.469
(0.41, 0.498)

0.938
(0.931, 0.971)

XGBoost 0.913
(0.901, 0.925)

0.799
(0.769, 0.835)

0.902
(0.848, 0.949)

0.771
(0.721, 0. 827)

0.516
(0.479, 0.575)

0.967
(0.952, 0.981)

LR 0.808
(0.787, 0.828)

0.731
(0.659, 0.789)

0.73
(0.636, 0.852)

0.731
(0.61, 0. 828)

0.424
(0.368, 0.504)

0.909
(0.893, 0.94)

SVM 0.802
(0.781, 0.823)

0.742
(0.702, 0.776)

0.74
(0.677, 0.805)

0.742
(0.681, 0.803)

0.437
(0.398, 0.482)

0.913
(0.901, 0.93)

K-NN 0.629
(0.601, 0.656)

0.537
(0.522, 0.752)

0.689
(0.303, 0.73)

0.496
(0.478, 0.868)

0.27
(0.261, 0.399)

0.855
(0.82, 0.872)
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FIGURE 1 | Receiver Operating Characteristics (ROC) curves of the ML models.
TABLE 2 | The performance metrics of the XGBoost model for different follow-up times.

*Follow-up
period

Patient
number

DR patient number AUC(95%
CI)

Accuracy (95%CI) Sensitivity (95%
CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

(1, 2) 1025 93 0.966
(0.955, 0.977)

0.877
(0.855, 0.933)

0.978
(0.925, 1)

0.867
(0.841,
0.931)

0.423
(0.382,
0.578)

0.998
(0.992, 1)

(2, 3) 352 92 0.834
(0.788, 0.879)

0.733
(0.668, 0.801)

0.848
(0.739, 0.957)

0.692
(0.577,
0.812)

0.494
(0.435,
0.592)

0.928
(0.894,
0.977)

(3, 4) 283 78 0.867
(0.817, 0.918)

0.77
(0.728, 0.873)

0.859
(0.654, 0.949)

0.737
(0.659,
0.932)

0.554
(0.503,
0.797)

0.932
(0.873,
0.972)

(4, 5) 242 70 0.86
(0.809, 0.911)

0.785
(0.707, 0.851)

0.8
(0.686, 0.957)

0.779
(0.628,
0.901)

0.596
(0.496,
0.742)

0.905
(0.872,
0.977)

(5, 6) 153 49 0.835
(0.765, 0.905)

0.765
(0.719, 0.869)

0.776
(0.531, 0.898)

0.76
(0.654,
0.962)

0.603
(0.538,
0.879)

0.878
(0.809,
0.943)

(6, 7) 129 38 0.876
(0.814, 0.938)

0.837
(0.705, 0.899)

0.711
(0.605, 0.974)

0.89
(0.604,
0.967)

0.73
(0.5, 0.897)

0.88
(0.85, 0.983)

(7, 8) 116 45 0.917
(0.867, 0.966)

0.845
(0.759, 0.897)

0.822
(0.733, 0.933)

0.859
(0.732,
0.901)

0.787
(0.655,
0.841)

0.884
(0.825,
0.955)

(8, 11) 84 43 0.858
(0.779, 0.936)

0.798
(0.738, 0.881)

0.791
(0.698, 1)

0.805
(0.561,
0.927)

0.81
(0.691, 0.92)

0.786
(0.72, 1)
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intervals, the test set was divided into eight categories, respectively,
each year of 1 to 8 years and more than 8 years. The highest AUC of
0.966 (95% CI, 0.955-0.977) and highest accuracy of 87.7% (95% CI,
85.5%-93.3%) were achieved in patients who were followed up
within the timeframe of 1 to 2 years.

Information Contributions of the Features
The importance scores calculated by XGBoost are shown in
Figure 2. Among all the features, the top five ones (HbA1c,
duration, follow-up time, FBG, and age) contributed the most to
identifying cases with DR risk in type 2 diabetes patients. In
addition, the importance scores calculated by RF, which is the
next-best performing model, are shown in Figure S1.
Subgroups Analysis Based on Follow-Up
Period and DR Severity Level
The XGBoost model was further evaluated on the supplementary
test set. Multipoint data of the same patient were used as new
cases. The model showed an improved performance with an
AUC, accuracy, sensitivity, specificity, PPV, and NPV of 0.922
(95%CI, 0.912-0.932), 81.5% (95% CI, 80.4%-84.2%), 92.6% (95%
CI, 87.1%-94.2%), 76.6% (95% CI, 74.9%-82.4%), 63.6% (95% CI,
62.1%-68.8%), and 95.9% (95% CI, 93.5%-96.8%) respectively.
Detailed attributes are presented in Table S5. Age, diuretic,
fibrates, eGFR, HbA1c, duration, and follow-up time were
significantly different between the cases with correct
predictions and those with incorrect predictions. We then
measured the time to diagnosis. The XGBoost model achieved
an average of 2.895 ± 2.104 years prior to the first diagnosis by
the clinical diagnosis method.
Frontiers in Endocrinology | www.frontiersin.org 595
Subgroups analyses based on follow-up period and DR severity
level were respectively conducted to assess the potential application
of the model in clinical scenarios (Supplementary Figure S4). With
the increase in follow-up time, the true positive prediction rate of
the XGBoost model increases (Supplementary Figure S4A). The
subgroup of patients followed up within the time frame of 7 to 8
years exhibited the highest positive prediction rate (100.0%). Data of
all the others were higher than 87%. As for different DR severity
subgroups, the model performed better for grade 3, reaching the
highest positive prediction rate of 97.56% (Supplementary
Figure S4B).
Nomograms for Predicting DR Risk of
Patients With Type 2 Diabetes
Nomograms were developed to depict the association between the
clinical variables and the occurrence of DR. After feature selection,
we obtained 16 features including gGT, AST, SBP, eGFR, age,
HbA1c, FBG, duration, follow-up time, insulin, diuretic, statins,
fibrates, hypertension, smoking status, and drinking status. A classic
LR model and an LR model integrated with the machine learning
output were constructed (Supplementary Figure S2, S3). The C-
index of the integrated LR model was 0.921, whereas that of the
classic LR model was 0.836.
DISCUSSION

In this study, we constructed five ML-based models for the risk of
developing DR among patients with type 2 diabetes using EHR data,
the XGboost model of which demonstrated the best performance.
FIGURE 2 | The importance scores of the features calculated by XGBoost.
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We further evaluated the predictive value of this model and found
that it can accurately predict the occurrence of DR at each time
point over 10 years. According to feature importance analysis, five
risk factors, SUA, LDL-C, TC, eGFR, and TG, were recognized as
important indicators of DR for the first time. Moreover, analysis of
data frommultiple time points revealed that predicting DR risk with
the XGBoost model would obviously reduce the amount of time
needed for the diagnosis of DR.

XGBoost algorithm is known for its good scalability and high
running speed, which is thus commonly used and developed in
recent years (28–30). Specifically, the XGBoost model provides
the following advantages. First, the XGBoost algorithm reduces
the order of magnitude of features while retaining all the features
by introducing regularization terms into the objective function to
avoid over-fitting. Secondly, the algorithm also used the random
forest algorithm for reference, which can not only reduce the
over-fitting problem but also reduce the computational
complexity. We hypothesized that these reasons would be
responsible for the XGBoost algorithm ’s outstanding
prediction ability for DR risk compared with the other four
methods adopted in this study.

There were several studies gaining insights into DR risk
prediction, some of which developed ML-based models.
However, most of them were cross-sectional studies. In a study
in Iran (31), 3734 diabetic patients were included to build a
logistic regression model with an AUC of 0.704. The input
variables included sex, age, diabetes duration, BMI, blood
pressure (BP), HbA1c, FPS, cholesterol, and triglycerides. In
the cross-sectional study by Ein hoh et al. (7) in South Korea, a
LASSO prediction model was constructed for predicting the risk
of DR, reaching an AUC of 0.82 and an accuracy of 75.2%. 490
diabetic patients were selected for the study, and several variables
(age, sex, smoking history, drinking history, waist circumference,
BMI, physical exercise status, medication history, blood pressure,
and relevant laboratory results) were used as input. In another
cross-sectional study in Taiwan Province of China (6), 536
patients with type 2 diabetes were selected and 10 predictors,
including systolic blood pressure, diastolic blood pressure, BMI,
age, gender, duration of diabetes, family history of diabetes,
whether there was a blood glucose test, whether there was
exercise, and whether there was insulin treatment, were
included. Then, four prediction models (SVM, DT, artificial
neural network, and LR) were constructed, respectively. The
model based on SVM showed the best performance with an
accuracy of 79.5% and an AUC of 0.839. Mo et al. (5). included
4170 diabetic patients in a cross-sectional study to predict the
risk of DR. Seven input variables, including age, diabetes
duration, postprandial blood glucose, HbA1c, urine creatinine,
urine microalbumin, and systolic blood pressure were used to
construct a multivariate logistic regression model. The model
showed moderate predictive ability with an AUC of 0.715 in the
validation set. The predictive models mentioned above were
developed to identify patients with DR rather than predict the
occurrence of DR in the future. Therefore, they can hardly be
adapted to the scenarios that require pre-diagnosis screening and
prompt intervention. To our knowledge, only one follow-up
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study was performed for predicting the occurrence of DR (32).
The study was conducted with 5034 type 2 diabetes patients not
affected by retinopathy at the time of the recruitment and a
median follow-up time of 1.2 years. A Cox risk prediction model
was constructed with seven predictors including diabetes
duration, HbA1c, systolic blood pressure, diastolic blood
pressure, proteinuria, creatinine clearance, and diabetes drug
treatment, and showed a helpful predictive ability (C-
index=0.746). However, this model cannot meet all the clinical
requirements of long-term management of type 2 diabetes and
associated complications considering that it can only predict the
occurrence of DR in the next 1 to 4 years.

The XGBoost model we constructed performed well in
different follow-up periods (AUC=0.834-0.966), which
indicates that it could predict whether and when a patient with
type 2 diabetes will develop DR in the next 1 to 8 years or even
over 8 years. Results also show the proposed model is effective to
demonstrate in patients who had DR of different severity levels
during follow-up. For the individuals with moderate NPDR, the
model exhibited the highest performance. As a transitional stage,
moderate NPDR can progress and advance to vision-threatening
retinopathies. Intervention methods such as intravitreous anti-
VEGF treatment can be applied to secure moderate NPDR
patients. As the patient progresses to severe NPDR and PDR, it
is hard to get the same treatment effect. Moreover, the method
requires no extra laboratory tests since the model input was
drawn from demographic and clinical characteristics and routine
test results. Therefore, the model will facilitate clinicians risk-
stratifying patients with type 2 diabetes. For patients at risk of
DR, clinicians can provide adequate follow-up management and
effective therapeutic intervention. While for the low-risk
population, visit frequency will be appropriately reduced, and
thus personal and societal healthcare burdens will be reduced
accordingly. We further developed nomograms to depict the
association between the clinical variables and the probabilities of
DR. The nomogram integrating the XGBoost-based machine
learning output achieved a higher predictive performance, which
provides an intuitive way to interpret the model and shows its
potential to be a clinical decision support tool.

To identify the key features contributing to the pre-diagnosis of
DR, the importance scores of the risk factors were calculated by
XGBoost. According to the feature importance analysis, HbA1c,
diabetes duration, age, and FBG were highly ranked, which
corresponds to the current clinical perceptions. In addition, we
found that SUA, LDL-C, TC, eGFR, and TGmay have the potential
to be strong predictors for DR. Moreover, we further calculated the
importance scores of the risk factors by RF, and found that the
results were similar to and complementary to those from XGBoost.
In previous studies, Krizova et al. found that an elevated level of
vitreous uric acid was closely related to the development of DR, and
uric acid concentration was closely related to the degree of DR
progression (33). Zhu et al. found that SUA in the vitreous activates
the expression of retinal inflammatory factors through the Notch
signaling pathway, which will induce oxidative stress and
inflammatory response and thus promote the occurrence and
development of DR (34). Obesity is a metabolic disease that is
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associated with insulin resistance and diabetes mellitus (35). In the
Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR),
it was found that high TC levels could increase the risk of retinal
hard exudation in patients with type 2 diabetes (36). High LDL-C
and high TC/LDL-C levels were associated with retinal macular
edema in SN-DREAMS studies (37). Besides, statin lipid-lowering
drugs could significantly reduce the risk of DR (38). Since DR is a
microvascular complication of diabetes, eGFR can be used as an
important biochemical indicator reflecting DR. Chen et al. found
that higher eGFR was positively correlated with the risk of DR (39).
Therefore, the results presented in our study indicated that these
risk factors could be used as early and effective predictors of DR for
type 2 diabetes patients before recognizable symptoms appear.

There are still several limitations to this study. First, the
prediction models were constructed with the risk factors extracted
from EHR, except for those with excessive missing data including
the ones that might be related to the occurrence of DR (e.g., hip
circumference and neck circumference). Secondly, individualized
management approaches for type 2 diabetes and associated
complications were not fully described. The monitoring and
tracking features were also not collected during the follow-up
period. The above information will be recorded and used to
optimize the XGBoost model in the future. In addition, this is a
single-center retrospective study. We are planning to collect cases
from several institutions and conduct a prospective study to validate
the generalization ability of the proposed model.

In summary, we developed and evaluated an ML-based model
for predicting the risk of DR. The results suggest that it is possible
to pre-diagnose DRwithout fundus images. We also demonstrated
the potential of applying XGBoost models to facilitate clinicians in
accurately identifying the high-risk population for DR and
formulating patient-specific management strategies, thereby
reducing the occurrence and development of DR.
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Backgrounds: Diabetic retinopathy (DR), especially proliferative diabetic retinopathy
(PDR), is the major cause of irreversible blindness in the working-age population.
Increasing evidence indicates that immune cel ls and the inflammatory
microenvironment play an important role during PDR development. Herein, we aim to
explore the immune landscape of PDR and then identify potential biomarkers correlated
with specific infiltrating immune cells.

Methods: We mined and re-analyzed PDR-related datasets from the Gene Expression
Omnibus (GEO) database. Using the cell-type identification by estimating relative subsets
of RNA transcripts (CIBERSORT) algorithm, we investigated the infiltration of 22 types of
immune cells in all selected samples; analyses of differences and correlations between
infiltrating cells were used to reveal the immune landscape of PDR. Thereafter, weighted
gene co-expression network analysis (WGCNA) and differential expression analysis were
applied to identify the hub genes on M2 macrophages that may affect PDR progression.

Results: Significant differences were found between infiltration levels of immune cells in
fibrovascular membranes (FVMs) from PDR and normal retinas. The percentages of
follicular helper T cells, M1 macrophages, and M2 macrophages were increased
significantly in FVMs. Integrative analysis combining the differential expression and co-
expression revealed the M2 macrophage-related hub genes in PDR. Among these,
COL5A2, CALD1, COL6A3, CORO1C, and CALU showed increased expression in
FVM and may be potential biomarkers for PDR.

Conclusions: Our findings provide novel insights into the immune mechanisms involved
in PDR. COL5A2, CALD1, COL6A3, CORO1C, and CALU are M2 macrophage-related
biomarkers, further study of these genes could inform novel ideas and basis for the
understanding of disease progression and targeted treatment of PDR.
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INTRODUCTION

Diabetic retinopathy (DR) is a major cause of irreversible
blindness in the working-age population worldwide (1, 2).
Proliferative diabetic retinopathy (PDR), characterized by
neovascularization (NV) and excessive proliferation, is the
most advanced and refractory form of DR (3). The global
incidence of PDR is 1.4% among all individuals with diabetes
(4). PDR management has been one of the greatest challenges in
modern ophthalmology. Recent advances in high-throughput
technologies and bioinformatics analysis have improved the
understanding of PDR and facilitated the development of
treatment (5). Therefore, the identification of new biomarker
and therapeutic strategies for retinal NV in PDR is urgent and in
high demand for improved clinical outcome.

Retinal cells are privileged from systemic immune
surveillance (6). Once the blood-retina barrier is breached,
retinal cells gate the layer of protection by suppressing the
local inflammatory response (7). Immunological activity in the
central nervous system (CNS) is largely determined by an innate
immune response and is heightened in PDR (8). Previous studies
have shown enrichment of immune processes in DR (9, 10). In
addition, therapies targeting inflammation have also been shown
to be effective for patients with DR (11, 12). However, whether
and how molecular pathways and immune cell populations are
involved in the progress of PDR is still unknown.

Activated macrophages are generally divided into M1-like and
M2-like forms (13). The activation of M2 macrophages plays a
major role in cellular processes such as cell proliferation and
differentiation. These processes rely on external factors including
transcription factors, intrinsic-signaling pathways, cytokines, and
metabolic adaptation (14). Previous studies have demonstrated the
key signals involved in M2 macrophage polarization in DR (10, 15,
16). A recent study also showed thatM2Macrophages are the major
immune cells that involved in the immune response of retinal
neovascularization in the rat model with ischemic retinopathy (17).

In the present study, we analyzed the transcriptome data from
publicly available databases using various bioinformatics
algorithms to identify potential immune cell-related
biomarkers in PDR and a panel of M2 macrophage-related
biomarkers, and to determine the immune landscape of PDR.
MATERIALS AND METHODS

Data Collection and Preprocessing
The gene expression data and relevant clinical information were
downloaded from the Gene Expression Omnibus (GEO)
database (http://www.ncbi.nlm.nih.gov/geo/) with accession
numbers GSE60436 (18) and GSE102485 (19). Fibrovascular
membranes (FVMs) obtained from PDR patients and normal
retinal tissue from donated eyes in the above two datasets were
included in this study. The expression data were then normalized
using the “normalizeBetweenArrays” function in the “limma” R
package (20), and the “sva” R package was used to correct for
batch effects between two different arrays (21).
Frontiers in Endocrinology | www.frontiersin.org 2100
Gene Set Enrichment Analysis
GSEA was performed between FVMs and normal retinas to
explore the potential biological functions involved in the
occurrence and development of PDR; the “Hallmark” gene sets
(from the Molecular Signatures Database) were selected as the
annotation gene sets (22). Significance was set at NOM p<0.05
and false discovery rate (FDR)-adjusted q‐values <0.25.

Immune Cell Infiltration-Related Analysis
The CIBERSORT algorithm was applied to estimate the relative
proportions of 22 types of immune cells which infiltrated into all
included samples (23), those with a CIBERSORT output of
p<0.05 were considered accurate and enrolled for further
construction of the immune landscape, otherwise, samples
were eliminated. Thereafter, the correlation matrix of different
immune cells was constructed and visualized using the
“Corrplot” R package. Principal component analysis (PCA)
was then used to evaluate subsets distinguished by the extent
of immune cell infiltration. The results were visualized using the
R package “scatterplot3d.”

Construction of Co-Expression Network
Associated With PDR-Infiltrating Immune
Cells
To search for genes associated with immune infiltrates, we
constructed a signed hybrid co-expression network for all
selected samples using weighted gene correlation network
analysis (WGCNA) (Soft-power 5, mergeCutheight 0.25,
minModuleSize 20) (24). After filtering out low-expression
genes to remove noise, those genes with similar expression
patterns were hierarchically clustered into several modules
according to the topological overlap measure-based
dissimilarity, and all the modules were summarized by module
eigengenes (ME) which were used to measure the module
membership. The hub genes in our study were defined as those
with ME-based gene connectivity (kME) >0.9 within each
module; those genes with higher kME tended to have higher
connectivity. We then performed correlation analysis between
co-expression modules and immune infiltrated cells in PDR to
identify hub genes associated with the disease. Pearson’s
correlations were calculated between the ME and immune cells
obtained from previous analysis. Associations between the
module and immune cell were considered significant at p<0.05.
Thus, we obtained the module and hub genes that likely shaped
the specific immune landscape of PDR. Meanwhile, analysis of
gene ontology (GO) annotation and enrichment was carried out
to better understand the biological functions of these enrolled
genes (R packages “clusterProfiler” and “enrichplot,”
p<0.05, q<0.05).

Identification Biomarkers of PDR-
Infiltrating Immune Cells
In general, clues about the disease are inferred from gene
expression differences between normal and pathologic tissues.
Therefore, we conducted differential expression analysis of
FVMs and normal retinas. The differentially expressed genes
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(DEGs) were identified using the “limma” R package and filtered
by |log2FoldChange| >1 and FDR<0.05. The potential
biomarkers were screened by integrating the results of the
differentially expressed analysis, WGCNA, and immune
landscape of PDR. The expression distribution of selected
genes was visualized with violin plots using R packages
“ggplot2” and “reshape2.” Finally, PCA was used to evaluate
the discriminative capacity of these candidates to differentiate the
two groups.
RESULTS

Overview of Research Design and
Data Preparation
The overall design and workflow of this study are shown in
Figure 1. An integrative analysis combining differential
expression and co-expression revealed that immune cells,
particularly M2 macrophages, play an essential role in the
progression of DR, and further suggested that increased
expression of COL5A2, CALD1, COL6A3, CORO1C, and CALU
in the FVM may be potential M2 macrophage-related
biomarkers for PDR.

The GSE60436 dataset used in this study is based on the
platform of GPL6884 (Illumina HumanWG-6 v3.0 expression
beadchip) and included 3 normal retina tissues and 6 FVM
tissues. The second dataset used here, GSE102485, was analyzed
on the GPL18573 Illumina NextSeq 500 platform and comprised
20 FVM samples(17 from type 2 diabetes mellitus patients and 3
from type 1 diabetes mellitus patients), 3 normal retina samples,
and 7 other samples. It is clear from Figure 2A that the batch
effects of the two different datasets were eliminated after internal
correction and normalization. We finally selected 32 eligible
samples (6 normal retinas and 26 FVMs) and 14,132
intersected genes from the two datasets for subsequent analysis
(Figure 2B). Next, in the primary analysis of the biological
differences between the two groups, GSEA revealed that several
hallmarks of immune function were positively correlated with
FVMs, including IL2-STAT5-signaling, IL6-JAK-STAT3-
signaling, inflammatory response, IFN-a response, IFN-g
response, and TNF-a signaling via NF-kB. Other highly
enriched hallmarks were angiogenesis, apoptosis, and epithelial
mesenchymal transition, among others (Figure 2C). These
results preliminarily indicate the correlation between immune
activity and FVM in PDR.

Immune Landscape of FVM and
Normal Retina
The CIBERSORT algorithm was used to calculate the infiltration
of 22 types of immune cells in all 32 samples (26 FVMs, and 6
normal retinas). The bar plot of Figure 3A shows the
proportions of the 22 immune cell types in 29 eligible samples.
Figure 3B indicates the correlations between immune cell types.
The strongest positive correlation was between resting mast cells
and plasma cells (r=0.6), while the strongest negative correlation
was between plasma cells and M1 macrophages (r=-0.55).
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The differences in proportions of immune cell infiltration
between the two groups is shown in Figure 3C. The
percentages of follicular helper T cells, M1 macrophages, and
M2 macrophages were increased significantly, while those of
plasma cells, active NK cells and resting mast cells were
decreased significantly compared with controls. Complete
separation between the FVM and normal retina groups as
shown in Figure 3D indicates that the infiltration of immune
cell types may be used as a distinguishing characteristic of FVM
in PDR patients.

Identification of PDR-Infiltrating Immune
Cell-Related Genes
Gene expression data and immune cell types with significantly
increase were used to conduct WGCNA, a powerful scale-free
network used to identify co-expressed gene clusters correlated
FIGURE 1 | Flow chart showing the research process in this study. FVM,
fibrovascular membrane; DEG, differentially expressed gene; CIBERSORT,
cell-type identification by estimating relative subsets of RNA transcripts;
GSEA, gene set enrichment analysis; WGCNA, weighted gene co-expression
network analysis.
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with meaningful immune cells based on the CIBERSORT
algorithm, the CIBERSORT results of follicular helper T cells,
M1 macrophages, and M2 macrophages in all 29 samples were
selected as trait data for WGCNA. A scale-free topological
network (soft-thresholding power=5, scale-free R2 = 0.9) was
Frontiers in Endocrinology | www.frontiersin.org 4102
established (Figure 4A). Based on the hierarchical clustering
method, genes that were highly co-expressed were clustered into
different modules and color coded (Figures 4B). A total of 28
modules containing 14,132 genes were identified after merging
modules with highly correlated eigengenes (Figures 4B, C). The
A B

C

FIGURE 2 | Data preprocessing and gene set enrichment analysis (GSEA). (A) Box plot for the expression profiles before and after normalization. (B) Venn diagram
showing the intersection between expressed genes from two datasets. (C) GSEA plot for the significant Hallmark sets for FVM group (FDR<0.25, p<0.05).
A B

DC

FIGURE 3 | Immune infiltration landscape in FVM and normal retinal tissue. (A) Bar charts of 22 immune cell types in all eligible samples. (B) Correlations between
infiltrating immune cells. Red and blue colors indicate positive and negative correlations, color intensity represents the degree of correlation. (C) Box plot of the
difference in immune cell content between the FVM group and control group (*p < 0.05; **p < 0.01). (D) 3D scatter plot of PCA results.
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ME, representing the expression of all the genes in this module,
was associated with the characteristics of the three selected types
of immune cells. Among them, we identified the midnight-blue
module (r=0.81, p=1e-07) that was most closely associated with
M2 macrophages (Figures 4C, D) as the hub module. The
module contained 718 genes, of which 14 genes with kME>0.9
were considered hub genes and probably serve an essential
pathobiological role (Table S1). GO enrichment analysis of the
above 14 genes showed that several GO terms were enriched in
tissue remodeling processes and fibrosis. The top 10 significant
terms in the biological processes (BP), molecular functions (MF),
and cellular components (CC) are shown in Figure 4E, including
actin filament organization, extracellular matrix organization,
myofibril and actin binding, among others. These provided
additional evidence that these hub genes on M2 macrophages
affect PDR progression.
Frontiers in Endocrinology | www.frontiersin.org 5103
Exploration of M2 Macrophage-Related
Biomarkers
To identify possible genes that may contribute to the
development of PDR, we analyzed gene expression data for all
32 samples and found 674 DEGs (Table S2, 328 upregulated and
346 downregulated) between FVM and normal retina
(Figure 5A). A total of five genes (COL5A2, CALD1, COL6A3,
CORO1C, and CALU) overlapped between DEGs and M2
macrophage-related genes (Figure 5B), and these five common
genes constituted a proposed panel of possible biomarkers of
PDR. GO functional enrichment analysis for these 5 genes
showed that the top GO terms were also related to
constructive processes like wound healing and tissue repair
(Figure 5C), and the enrichment of these terms is consistent
with the function of M2 macrophages. Furthermore, the
expression of all five genes in the FVM group was significantly
A

B

D

C

E

FIGURE 4 | Identification of immune cell-related genes using WGCNA. (A) Analysis of the scale-free fit index for soft threshold powers (b=5). (B) Hierarchical
dendrogram of the identified co-expression modules, indicated by color coding. (C) Heatmap plot of correlation between the gene module and immune cell type
infiltration. Strength of the correlation is depicted by its color. (D) Correlations between the gene module memberships and gene significance for the midnight-blue
module associated with M2 macrophages. (E) Bubble plots of GO enrichment analysis with hub genes in the midnight-blue module.
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higher than that of controls (Figure 5D). PCA results showed
complete separation between FVM samples and normal retinal
samples both in the overall datasets and even in the individual
dataset (Figure 5E).
DISCUSSION

In this study, we sought to identify the infiltration of immune
cells in PDR. The CIBERSORT algorithm was used to calculate
the infiltration of 22 types of immune cells in all 32 samples,
including 26 FVMs and 6 normal retinas. We then identified the
difference in the proportions of infiltrating immune cell types
between the two groups. Compared to normal retinas, the
percentages of follicular helper T cells, M1 macrophages, and
M2 macrophages were increased significantly in FVMs. Using
integrative analysis combining the differential expression and co-
expression, we found that COL5A2, CALD1, COL6A3, CORO1C,
and CALU are M2 macrophage-related biomarkers in PDR.

The retina is highly sensitive to the fluctuation of metabolic
homeostasis owing to the combination of a limited vascular
supply and high metabolic demand (25). The blood-retinal
barrier not only protects the retina’s exposure but also
regulates its supply of nutrients from the vasculature (26).
Macrophages, astrocytes, and Müller cells play important
cellular roles in the innate immunity of the blood-retinal
barrier (27). PDR progression is closely associated with
Frontiers in Endocrinology | www.frontiersin.org 6104
increasing abnormalities of the vasculature such as blood-
retinal barrier dysfunction, neovascularization, and
hemorrhage (28). However, few studies have focused on
differences in composition of immune cells between PDR and
normal retinal tissues. In this study, for the first time, we
investigated the difference in proportions of infiltrating
immune cell types between FVM and normal retina using
CIBERSORT. We found that the percentages of follicular
helper T cells, M1 macrophages, and M2 macrophages were
increased significantly compared with controls. These findings
provide new insights into the immune landscape of PDR based
on bulk tissue transcriptomic profiling. However, the retina is a
very complex neurosensory tissue with numerous types of cells
(25), recent advances in single-cell RNA sequencing (scRNAseq)
technology have provided more accurate results for
characterizing different cell types in complex tissue (29). Due
to the difficulty in obtaining normal retinal tissue and even
complete PDR pathological samples, most of the existing single-
cell based information has been established from experimental
studies using diabetic animal models (30–32). In addition,
currently available diabetic animal models mainly mimic non-
proliferative diabetic retinopathy(NPDR) and rarely display
retinal neovascularization, thereby limiting their use in PDR
research (33). Accounting for the heterogeneity within normal
and pathologic tissues, relevant mechanisms involved in different
stages of the PDR process are worthy of further investigation
according to samples with varying levels of DR severity. Future
A

B

D E

C

FIGURE 5 | Identification of M2 macrophage-related biomarkers. (A) Volcano plot of DEGs between the FVM and control group. (B) Venn diagram of intersection
genes between DEGs and M2 macrophage-related genes. (C) Bubble plots of GO enrichment analysis with five possible biomarkers. (D) Violin plot of expression
levels of selected five genes in the FVM and normal retina group (***p<0.001). (E) PCA plot of 32 samples from two datasets (based on selected five genes, different
shapes indicate different datasets, different colors indicate different sample types).
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cell or spatial resolution transcriptome analysis are warranted to
investigate the infiltration status of immune cell in the PDR to
determine whether the regulation of immune status could be
used as a potential therapeutic approach for PDR.

Macrophages are key regulators of tissue regeneration, repair,
and fibrosis (34). The dysfunctional macrophage can lead to
uncontrolled generation of growth factors, impaired production of
anti-inflammatory macrophages, or erroneous interactions between
macrophages and endothelial cells, epithelial cells, fibroblasts, and
tissue or stem progenitor cells (35). Aberrant repair contributes to
sustained damage, and this could induce the progression of
pathological fibrosis (36, 37). A recent study has reported that M2
macrophages participate actively in the natural process of oxygen
−induced retinopathy(OIR) in mice by affecting pathological
neovascularization and fibrosis (38). Another single-cell
transcriptome study also showed different fibrotic, gliotic, and
inflammatory profiles in microglia/macrophages subpopulations
with effects on the severity of diabetic retinopathy in the Akimba
mouse model (39). Which were in accordance with our results from
GO enriched analysis of 14 hub genes and 5 potential biomarkers
related to M2 macrophages. Meanwhile, Clinical research has also
provided relevant evidence. One study used optical coherence
tomography angiography (OCTA) to report that the density of
macrophage-like cells was significantly increased in PDR (40).
Similarly, another study suggested that the hyperreflective spots
visualized by optical coherence tomography (OCT)might be related
to the presence of activated microglia/macrophage in diabetic
macular edema (41).

In this study, we revealed that the COL5A2, CALD1, COL6A3,
CORO1C, and CALU genes associated with M2 macrophages and
showed high expression in PDR by differential expression and co-
expression analyses. A recent comparative analysis of the
transcriptome of FVM of PDR and inner limiting membrane
(ILM) of non-diabetic epiretinal membranes has shown that the
signature of FVM is characterized by the expression of a variety of
extracellular matrix (ECM) proteins and several collagen types, as
well as the accumulation of endothelial cells, M2 macrophages and
myofibroblasts (42). These results are in accordance with our
findings of bioinformatics analysis. The collagen type V alpha 2
(COL5A2) gene offers a template for a component of type V
collagen and participates in the formation of pathological scarring
(43), previous studies have reported a positive association between
expression of COL5A2 and macrophages as well as proliferation,
malignant transformation, and resistance to apoptosis in a variety of
tumors (44).We report for the first time thatCOL5A2 gene is highly
expressed in PDR and associated with M2 macrophages. Further
studies with a larger clinical cohort and basic research will be needed
to further confirm and extend these findings. Caldesmon 1
(CALD1) performs as a cytoskeleton-associated protein and
regulates cell morphology and motility via actin filament
modulation. It plays roles in cytoskeletal organization, cell
adhesion, and vascularization (45). Previously, it has been
shown that CALD1 may stimulate and polarize tumor-
associated macrophages (46), and this is consistent with our
findings but the specific mechanism remains poorly understood
and further investigations are needed. Collagen Type VI Alpha 3
(COL6A3) is associated with insulin resistance and adipose tissue
Frontiers in Endocrinology | www.frontiersin.org 7105
inflammation (47). Previous reports have supported a role for
COL6A3 in inflammation obesity and obesity-associated insulin
resistance which may lead to a higher incidence and more rapid
progression of diabetes complications (48, 49). In the current study,
we report for the first time that COL6A3 is highly expressed in
FVMs and is associated with M2 macrophage cells in PDR. Further
research will be necessary to gain insight into such potential
mechanisms. Coronin-like actin-binding protein 1C (CORO1C)
belongs to the coronin family of actin-binding proteins that are
important for the control and remodeling of the actin filaments
network (50). One report has indicated that the PI3K/AKT
signaling pathway is significantly inhibited by CORO1C
knockdown in colorectal cancer (51). The expression of CORO1C
in PDR has not been previously reported. In this study, we found
that CORO1C is associated with M2 macrophage cells in PDR.
Further mechanistic studies are required to understand the relevant
mechanism of action. Calumenin (CALU) is a multiple EF-hand
Ca2+-binding protein (52). One report has indicated a positive
correlation of CALU with cancer-associated fibroblasts and
macrophages in bladder cancer (53). Moreover, previous analyses
of CALU target genes were mainly focused on epithelial-
mesenchymal transition-related genes (54). In this study, we
found the association between CALU and M2 macrophage cells
in PDR. However, the mechanisms by which CALU regulates are
not clear. Combining the obtained biomarkers and the
a fo rement ioned PDR immune landscape r e su l t s ,
immunomodulation or targeted therapy for specific therapeutic
biomarkersmay be potential therapeutic approaches to inhibit FVM
formation and slow or even reverse the progression of PDR.
CONCLUSION

Taken together, using integrative analysis combining differential
expression and co-expression, we found that the ratio of follicular
helper T cells, M1 macrophages, and M2 macrophages increased
significantly in PDR, while the ratio of plasma cells, activated NK
cells and resting mast cells was decreased compared with
controls. These findings indicate that M2 macrophages play an
important role in the progression of PDR, and further study of
COL5A2, CALD1, COL6A3, CORO1C, and CALU could inform
novel ideas and basis for the understanding of disease
progression and targeted treatment of PDR.
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Background: The relationship between uric acid (UA) and diabetic retinopathy (DR)

remains ambiguous, and the results of current studies on the UA levels in patients with

DR are conflicting. A meta-analysis was performed to provide a better understanding of

the relationship between UA levels and DR.

Methods: PubMed, Web of Science, Embase, and the Cochrane Library databases

were searched until December 11, 2021 to identify eligible studies, that compared the

UA levels of the case group (patients with DR) and control group (controls with diabetes

and healthy participants). The weighted mean difference (WMD) with a 95% confidence

interval (CI) was used to evaluate the difference in UA levels between the case and

control groups.

Results: Twenty-one studies involving 4,340 patients with DR and 8,595 controls (8,029

controls with diabetes and 566 healthy participants) were included in this meta-analysis.

We found that patients with DR had significantly higher UA levels than those in the

controls with diabetes (WMD = 36.28; 95% CI: 15.68, 56.89; P < 0.001) and healthy

participants (WMD = 70.80; 95% CI: 19.85, 121.75; P = 0.006). There was an obvious

heterogeneity among the 21 studies (I2 = 97%, P < 0.001). Subgroup analyses of

different phases of DR showed that UA levels were significantly increased in participants

with proliferative diabetic retinopathy (PDR) (WMD = 46.57; 95% CI: 28.51, 64.63; P <

0.001) than in controls with diabetes; however, the difference is not statistically significant

when comparing UA levels in patients with non-proliferative diabetic retinopathy (NPDR)

and controls with diabetes (WMD= 22.50; 95%CI:−6.07, 51.08;P= 0.120). In addition,

UA levels were higher in participants with a body mass index (BMI) ≥25.0 kg/m2 and

over 15 years of diabetes. Univariate meta-regression analysis revealed that BMI (P =

0.007, Adj R2 = 40.12%) and fasting blood glucose (FBG) (P= 0.040, Adj R2 = 29.72%)

contributed to between-study heterogeneity.

Conclusions: In conclusion, our study provides evidence that UA levels are higher in

patients with DR than those in the controls, but this difference is not statistically significant

in the early phases. UA might be a potential biomarker for identifying disease severity in

patients with DR, rather than predicting the onset of DR among patients with diabetes.
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However, more prospective and high-quality clinical evidence is required to confirm these

present findings.

Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/

display_record.php?RecordID=297708.

Keywords: uric acid, diabetic retinopathy, systematic review, meta-analysis, non-proliferative diabetic retinopathy,

proliferative diabetic retinopathy

INTRODUCTION

According to the International Diabetes Federation (IDF)
estimates of the global prevalence of diabetes mellitus (DM), 700
million (10.9%) people will have diabetes by 2045, representing
a 51% increase compared with that in 2019 (1). With the
increasing number of people with diabetes, it is foreseeable that
the prevalence of diabetic retinopathy (DR) is also expected
to increase. DR is a common microvascular complication of
diabetes affecting more than 30% of patients with diabetes
worldwide and is one of the leading causes of acquired blindness
globally in the working-age adult population (2–4). DR is
divided into two progressive phases, non-proliferative (earlier)
and proliferative (late), and eventually deteriorates into vision-
threatening DR (VTDR) (5). The pathogenesis of DR is known as
a complex interplay between neuroglial and vascular damage that
results from hyperglycemia-induced metabolic oxidative stress,
and improving microcirculation of the retina was proven to be
effective in preventing the early development of DR (6–9). In
addition, previous studies have found that DR may be associated
with inflammation and dysregulation of various inflammatory
mediators (10–12).

Uric acid (UA) is the final product of purine metabolism and
is typically considered the predominant predictor of gout. A UA
concentration of 6 mg/dL is recommended as the threshold for
the definition of hyperuricemia and as the minimum uricemia
target for UA-lowering therapy in patients with gout (13). In
addition to being closely linked to gout, increased UA levels
have been shown to be associated with the risk of diabetes
and some of its complications, such as diabetic peripheral
neuropathy and diabetic nephropathy (14–16). Similarly, UA is
likely to contribute to DR occurrence. For example, UA has been
demonstrated to promote an inflammatory response to release
inflammatory factors such as tumor necrosis factor-α (TNF-
α), interleukin-6 (IL-6), and C-reactive protein (CRP) (17), and
a recent meta-analysis showed that IL-6 was associated with
the incidence of DR (18). However, the relationship between
UA levels and DR remains ambiguous, and the results of
current studies on UA levels in patients with DR are conflicting.
Some studies have reported increased UA levels in patients
with DR compared with patients with diabetes without DR
(19–21), but the results of other studies were different or even
opposite (22–25).

No meta-analytical data provided the overall information on
this issue. Thus, to obtain a more precise assessment of the
association between DR and serum and plasma UA levels and
explore the possibility of UA as a predictor for DR in patients with

diabetes, we conducted a systematic review and meta-analysis to
summarize the current evidence.

METHODS

This systematic review and meta-analysis followed the
Preferred Reporting Items for Systematic reviews and
Meta-Analyses (PRISMA) guidelines (26). The PRISMA
checklist for reporting the meta-analysis results is shown in
Supplementary Table 1. The study protocol was registered in
the PROSPERO International Prospective Register of Systematic
Reviews (CRD42022297708).

Literature Search
We performed a comprehensive search of PubMed, Web of
Science, Embase, and the Cochrane Library databases up to
December 11, 2021, to acquire original articles. A combination
of keywords and mesh terms was used as a search strategy:
(“uric acid” OR “urate” OR “hyperuricemia” OR “serum uric
acid”) AND (“diabetic retinopathy” OR “diabetic complication”
OR “microvascular complication” OR “DR”). The terms were
appropriately adjusted for each database. We also screened the
references of relevant studies and reviewed articles to identify
additional published and unpublished records.

Inclusion and Exclusion Criteria
Our meta-analysis included all studies meeting the following
explicit criteria: (1) studies were designed as a comparative study,
completely involving a case group (patients with diabetes with
DR) and control group (patients with diabetes without DR or
participants without diabetes); (2) the concentrations of UA
(mean and standard deviation) and the number of individuals in
each group were available; (3) studies in which UA levels were
measured in blood specimens (plasma, serum, or whole blood);
and (4) studies were published or written in English.

The exclusion criteria were as follows: (1) case reports,
abstracts, and reviews (including systematic reviews and meta-
analyses); (2) study protocols, letters, comments, and conference
abstracts; (3) experimental or animal studies; and (4) duplicate
studies retrieved from various databases.

Data Extraction and Quality Assessment
For each eligible study, two authors (GY-C and LS-Y)
independently extracted the following data: (1) first author’s
last name, publication year, region of study, the grouping of
each study, and sample size; (2) demographic characteristics
of participants, including ages, percentage of male participants,
body mass index (BMI), types of diabetes, and duration of
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FIGURE 1 | Flow chart of the study selection process.

diabetes; (3) laboratory test results in participants with diabetes
such as fasting blood glucose (FBG), glycated hemoglobin A1c

(HbA1c), total cholesterol (TC), and low-density lipoprotein
(LDL); (4) concentrations of UA (mean and standard deviation),
and all of the units were converted intoµmol/L (1mg/dL= 59.48

µmol/L); and (5) detecting methods and source of specimen
for UA.

The quality of the included studies was assessed using the
Newcastle-Ottawa Scale (NOS) for non-randomized studies.
NOS is a rating scale in which points are awarded to
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studies based on selection, comparability, and exposure or
outcome, where each study score ranges from 0 to 9 points
(27). A study with a total quality score of more than 7
points was considered a high-quality study. Two researchers
(GY-C and LS-Y) independently rated the study quality,
and differences in ratings between reviewers were resolved
by discussion.

Statistical Analysis
The fixed-effects (or random-effects) inverse-variance model
(for continuous data) with the DerSimonian-Laird estimate
of tau² was used to pool mean differences (MDs) from all
included studies, and the weighted mean difference (WMD)
with a 95% confidence interval (CI) was used to evaluate
the difference in UA levels between the case and control
groups. We generated a forest plot of the differences in UA
levels between patients with DR and controls (controls with
diabetes and healthy participants were separately compared).
Heterogeneity was evaluated using Cochran’s Q-statistic test and
I-squared (I2). A value of I2 of 0–25% represents insignificant
heterogeneity, >25% but <50% represents low heterogeneity,
>50% but <75% represents moderate heterogeneity, and >75%
represents high heterogeneity (46, 47). The P-value of the
Q-test <0.10 was considered statistically significant. If I2 ≥

50% and P < 0.10, the random-effects model was used;
otherwise, the fixed-effects model was applied (48). Subgroup
analysis grouped by DR phases [non-proliferative diabetic
retinopathy (NPDR) vs. controls with diabetes; proliferative
diabetic retinopathy (PDR) vs. controls with diabetes; and PDR
vs. NPDR], region (Asia and others), diabetes type (type 1,
type 2, and both), duration of diabetes (≤15 and >15 years),
BMI (≤25 and >25 kg/m2), FBG (≤150 and >150 mg/dL),
HbA1c (≤8.0% and >8.0%), LDL (≤120 and >120 mg/dL),
specimen types (plasma and serum), and quality score (<7
and ≥7) was performed to investigate the differences in studies
or participants with different characteristics and explore the
origin of heterogeneity. The UA concentrations in patients with
DR were stratified (quartiles 1–4: 285.4–307.1; 307.1–333; 333–
378.15; and 378.15–505.6 µmol/L) to explore a linear dose-
response correlation of the pooled results in patients with DR
with different ranges of UA levels. When heterogeneity was
high, a univariate meta-regression analysis was performed to
identify potential confounding factors and explore the sources of
heterogeneity. A sensitivity analysis was performed to evaluate
the effect of a particular study on the overall results by
omitting one study and combining the remainders in each turn.
Egger’s (49) and Begg’s tests (50) were used to assess potential
publication bias, and a visualized funnel plot was performed as
a complement.

All statistical analyses were performed using RevMan
5.4 software (The Cochrane Collaboration, Copenhagen,
Denmark) and Stata v16.0 (Stata Corp LP, College
Station, TX, USA). A two-sided P < 0.05 was considered
statistically significant except for the Cochran Q-test. In
our study, all analyses were based on previously published
research; therefore, no ethical approval or patient consent
was required.

RESULTS

Search Results and Study Characteristics
Our search yielded 1,986 potentially relevant articles in electronic
databases: 642 from PubMed, 940 from Embase, 386 from
Web of Science, and 18 from the Cochrane Library. After
excluding duplicate studies, 1,662 articles were retained. Of the
1,662 studies initially identified, 1,520 were excluded because
they failed to meet the inclusion criteria based on title and
abstract review. The full texts of the remaining 142 articles
were reviewed for eligibility, and 121 articles were excluded
for various reasons, such as not being retrieved, irrelevant
studies, incomplete data, other outcomes, and a review article
or conference abstract. We finally selected a total of 21
qualified articles (20, 22, 23, 28–45) involving 4,340 patients
with DR and 8,595 controls (containing 8,029 controls with
diabetes and 566 healthy participants) in this meta-analysis.
A flowchart of the literature search process is shown in
Figure 1.

Table 1 presents the characteristics of the 21 eligible studies,
including the first author’s last name, publication year, region,
diabetes type, specimen type, detection method for UA, grouping
of each study, sample size of each group, and the NOS score.
Accordingly, 16 studies were conducted in Asia (22, 23, 29–
32, 34–38, 40, 42–45), and other studies were conducted in
Africa (28, 33, 41), Europe (39), and South America (20). In
addition, two studies were based on type 1 diabetes (20, 39)
with 2,311 included participants, and the others were based on
type 2 diabetes (22, 29–38, 40, 43–45) and both types of diabetes
(23, 28, 32, 41, 42). The colorimetric method has been used in
most studies to measure UA concentrations, and only one study
applied the high-performance liquid chromatography (HPLC)
method (34). Except for three studies (28, 34, 39) that measured
UA concentrations using plasma, serum was utilized for the
measurement of UA concentrations in other studies. Eleven
studies (20, 22, 29, 34, 35, 37–40, 43, 44) that scored 7 or higher
were considered high quality, and others (23, 28, 30–33, 36, 41,
42, 45) scored from 4 to 6, indicating that the overall quality
of the studies was acceptable. The participants’ characteristics,
including age, sex, and BMI, are summarized in Table 1.

Comparison of UA Levels Between
Patients With DR and Controls
An obvious heterogeneity was observed among the 21 included
studies (I2 = 97%; P < 0.001); thus, the random-effects model
was used. We found that patients with DR had significantly
higher UA levels UA than those in the controls with diabetes
(WMD = 36.28; 95% CI: 15.68, 56.89; P < 0.001) (Figure 2A).
Compared with healthy participants, the UA levels in patients
with DR were higher (WMD = 70.80; 95% CI: 19.85, 121.75; P
= 0.006; I2 = 98%; P < 0.001) (Figure 2B).

Comparison of UA Levels Between
Different Phases of DR and Controls With
Diabetes
The UA levels were significantly higher in participants with PDR
(WMD = 46.57; 95% CI: 28.51, 64.63; P < 0.001; I2 = 71%; P
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TABLE 1 | Characteristics of included studies in the meta-analysis.

References Region Diabetes

types

Detecting

methods

Specimen

types

Case

group

(N)/control

group

(N)

Male (%)

(DR/DM/healthy)

Age (years)

(range/mean

± SD)

(DR/DM/healthy)

BMI (kg/m2)

(mean ± SD)

(DR/DM/healthy)

NOS

Yanko et al.

(23)

Israel Both NA Serum DR

(64)/DM

(104)

100/100/ >40 NA 5

Olukoga et al.

(28)

Nigeria Both Colorimetric Plasma DR

(30)/DM

(145)+Healthy

(114)

//48.2 20–70 //24.52 ±

4.82

6

Weitzman

et al. (29)

Israel 2 NA Serum DR

(124)/DM

(367)

NA 65 ± 9.4/64.1

± 0.7/

28.4 ±

3.9/28.8 ±

4.8/

7

Huang et al.

(30)

Taiwan 2 Colorimetric Serum DR

(91)/DM

(166)+Healthy

(204)

//43.1 //58.2 ± 12.2 NA 5

[-0.5pt] Cai

et al. (31)

China 2 Colorimetric Serum NPDR

(59)+PDR

(28)/DM

(103)

48.3/49.5/ 61.7 ±

17.4/53.6 ±

13.6/

24.6 ±

3.7/25.1 ±

3.5/

6

Navin et al.

(32)

India Both Colorimetric Serum NPDR

(21)+PDR

(13)/DM

(30)+Healthy

(30)

NA NA NA 4

Longo-

Mbenza et al.

(33)

DR

Congo

2 NA Serum DR

(66)/DM

(84)+Healthy

(45)

39.4/46.4/46.7 53.4 ±

13.6/56.6 ±

12.4/50.7 ±

13.0

25.2 ± 5/26.3

± 5.0/22.4 ±

2.9

6

Xia et al. (34) China 2 HPLC Plasma NPDR

(39)/DM

(35)+Healthy

(41)

53.8/57.1/55 56.5 ±

5.4/55.87 ±

7.0/54.4 ±

5.4

25.2 ±

4.0/25.1 ±

2.6/

7

Chuengsamarn

et al. (35)

Thailand 2 Colorimetric Serum DR

(154)/DM

(452)

NA NA NA 7

Venkatachalam

et al. (36)

India 2 Colorimetric Serum NPDR

(10)+PDR

(15)/DM

(25)+Healthy

(50)

64/56/46 64.6 ±

8.8/57.6 ±

7.8/52.9 ±

6.9

NA 5

Cui et al. (37) China 2 Colorimetric Serum DR

(141)/DM

(1,608)

55.5/55.6/ 57.1 ±

10.3/55.9 ±

11.3/

25.9 ±

2.9/26.3 ±

3.7/

8

Zhang et al.

(38)

China 2 Colorimetric Serum DR

(533)/DM

(209)

56.3/56.9/ 59.7 ±

10.5/59.2 ±

10.9/

25.1 ±

2.6/24.9 ±

3.4/

7

Pilemann-

Lyberg et al.

(39)

Denmark 1 Colorimetric Plasma NPDR

(277)+PDR

(229)/DM

(142)

NA NA NA 7

Melo et al.

(20)

Brazil 1 Colorimetric Serum DR

(589)/DM

(1,055)

58.2/54.4/ 35.8 ±

11.6/26.9 ±

11.1/

25.1 ±

4.7/23.7 ±

3.8/

8

Chen et al.

(40)

China 2 Colorimetric Serum NPDR

(184)+PDR

(162)/DM

(172)

52.0/51.2/ 52.8 ±

11.8/49.2 ±

8.5/

23.2 ±

3.5/23.1 ±

1.6/

7

(Continued)

Frontiers in Public Health | www.frontiersin.org 5 May 2022 | Volume 10 | Article 906760112

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Guo et al. Uric Acid and Diabetic Retinopathy

TABLE 1 | Continued

References Region Diabetes

types

Detecting

methods

Specimen

types

Case

group

(N)/control

group

(N)

Male (%)

(DR/DM/healthy)

Age (years)

(range/mean

± SD)

(DR/DM/healthy)

BMI (kg/m2)

(mean ± SD)

(DR/DM/healthy)

NOS

Xia et al. (22) China 2 Colorimetric Serum NPDR

(582)+PDR

(135)/DM

(2,244)

46.4/52.0/ 62.0 ±

10.0/60.0 ±

11.0/

NA 8

Shawki et al.

(41)

Egypt Both Colorimetric Serum DR

(70)/DM

(40)+Healthy

(40)

43/35/30 43.0 ±

10.7/45.4 ±

15.1/42.6 ±

9.4

32.4 ±

6.9/31.7 ±

6.7/30.8 ±

5.9

6

Çakir et al.

(42)

Turkey Both Colorimetric Serum DR

(68)/DM

(54)+Healthy

(42)

NA 63.4 ±

11.8/61.5 ±

11.2/59.3 ±

10.1

NA 5

Wakasugi

et al. (43)

Japan 2 NA Serum NPDR

(183)+PDR

(39)/DM

(777)

56.8/62/ 66.0 ±

9.0/64.1 ±

9.8/

24.7 ±

3.9/24.6 ±

3.8/

7

Nakayama

et al. (44)

Japan 2 Colorimetric Serum NPDR

(72)/DM

(142)

43/62/ 64.0 ±

13.0/63.0 ±

10.0/

25.6 ±

4.5/25.6 ±

4.2/

7

Zhao et al.

(45)

China 2 NA Serum NPDR

(239)+PDR

(104)/DM

(75)

65/52/ 51.7 ±

15.4/51.8 ±

14.3/

NA 6

DM, Diabetes mellitus (without diabetic retinopathy when being used as controls); DR, diabetic retinopathy; PDR, proliferative diabetic retinopathy; NPDR, non–proliferative diabetic

retinopathy; NDR, non–diabetic retinopathy; HPLC, high-performance liquid chromatography; BMI, body mass index; SD, standard deviation; DR Congo, The Democratic Republic of

the Congo; NA, not available; NOS, Newcastle–Ottawa scale.

= 0.001) than those in the controls with diabetes (Figure 3A);
however, when comparing UA levels in patients with NPDR and
controls with diabetes, the difference is not statistically significant
(WMD = 22.50; 95% CI:−6.07, 51.08; P = 0.120; I2 = 97%; P <

0.001) (Figure 3B).

Comparison of UA Levels Between PDR
and NPDR
Eight studies (22, 31, 32, 36, 39, 40, 43, 45) divided patients
with DR into PDR and NPDR groups. There were significant
differences in UA levels between patients with PDR and NPDR
in a fixed-effects model (WMD = 28.68; 95% CI: 19.78, 37.58; P
< 0.001; I2 = 44%; P = 0.090) (Figure 3C).

Subgroup and Meta-Regression Analyses
Table 2 presents the results of the subgroup analyses of UA levels
between patients with DR and controls with diabetes. Most of the
subgroup analysis results were consistent with the overall meta-
analysis results, suggesting that these results were relatively stable
but with high heterogeneity. Subgroup analyses of the region and
diabetes type reported that UA levels were lower in Asians (WMD
= 24.67; 95% CI: 2.30, 47.03; P = 0.031) and participants with
type 2 diabetes (WMD = 27.16; 95% CI: 2.61, 51.71; P = 0.030).
Increased UA levels were not significant in studies including both
types of diabetes (WMD = 60.51; 95% CI: −19.27, 140.29; P =

0.137) and studies using plasma for UA measurement (WMD =

50.15; 95% CI: −1.42, 101.72; P = 0.057). When stratified by
quality score (NOS <7 and NOS ≥7), the results showed that
the heterogeneity failed to decrease in studies where NOS <7
with an I2 of 95.5%, and in NOS ≥7 studies, the I2 was 97.6%.
The results were statistically significant in NOS <7 (WMD =

42.26; 95% CI: 1.14, 83.38; P = 0.044) and NOS ≥7 (WMD
= 33.15; 95% CI: 7.45, 58.84; P = 0.011). Further subgroup
analyses demonstrated increased UA levels in participants with
a longer duration of diabetes (WMD = 62.22; 95% CI: 19.16,
105.27; P = 0.005), higher BMI (WMD = 63.51; 95% CI: 13.11,
113.91; P < 0.001), FBG (WMD = 52.76; 95% CI: 10.15, 95.37;
P = 0.015), HbA1c (WMD = 55.35; 95% CI: 23.92, 86.78; P =

0.001), and LDL (WMD = 55.39; 95% CI: 37.11, 79.67; P <

0.001). In addition, we divided the UA concentrations in patients
with DR [median: 333; interquartile range (IQR): 307.1–378.15,
mg/dL] by quartile. The subgroup analysis of UA levels showed
an insignificant difference in quartile 1 (WMD = 3.72; 95% CI:
−32.87, 40.32; P = 0.842), while in quartiles 2–4, especially in
quartile 4, there was an increase in UA levels (WMD = 128.06;
95% CI: 72.37, 183.75; P < 0.001) (Figure 4).

According to the findings of subgroup analyses, a univariate
meta-regression analysis regarding the clinical characteristics of
participants, including BMI, duration of DM, FBG, HbA1c, and
LDL, was performed to identify possible impact factors on the
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FIGURE 2 | Forest plot for WMD and the corresponding 95% confidence interval of the comparison in UA levels between case group and control group with

(A)/without (B) diabetes. WMD, weighted mean difference; UA, uric acid.

relationship between UA and DR. The results showed that BMI
(P = 0.007, Adj R2 = 40.12%) and FBG levels (P = 0.040,
Adj R2 = 29.72%) could explain the variation in study results,
whereas the duration of DM (P = 0.099, Adj R2 = 14.93%),
LDL (P = 0.308, Adj R2 = 0.61%), and HbA1c (P = 0.537, Adj
R2 = −5.43%) were not significant for determining the source
of heterogeneity.

Sensitivity Analysis and Publication Bias
To evaluate the stability and reliability of our results, we
performed a sensitivity analysis that excluded one study from
the meta-analysis. After the included studies were successively
removed, the estimates were statistically significant with WMD
ranging from 24.46 (95% CI: 5.85, 43.07) to 39.91 (95%
CI: 19.15, 60.68), indicating that the overall results were
relatively stable (Figure 5). Notably, there was a marked decrease
(though still obvious) in heterogeneity among studies when
two sensitive studies (34, 41) were removed (WMD = 19.50;
95% CI: 5.87, 33.12; P = 0.005; I2 = 91%; P < 0.001),

suggesting these two studies contributed relatively more to
the heterogeneity.

The Egger funnel plot of the results of the included studies
was symmetrical (Supplementary Material). The P-values of
Begg’s and Egger’s tests of publication bias analyses were 0.291
and 0.156, respectively, suggesting that statistically significant
publication bias.

DISCUSSION

To provide a better understanding of the relationship between
UA andDR.We conducted a systematic review andmeta-analysis
to compare differences in UA levels between patients with DR
and controls. We also tested whether UA levels could differ in
different phases of DR, including NPDR and PDR. To the best
of our knowledge, this is the first meta-analysis to show an exact
association using MD with 95% CIs.

The results of our meta-analysis showed that UA levels
in patients with DR were significantly higher than those in
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FIGURE 3 | Forest plot for WMD and the corresponding 95% confidence interval of the comparison in UA levels between patients with PDR (A)/NPDR (B) and

controls with diabetes, and between patients with NPDR and patients with PDR (C). WMD, weighted mean difference; UA, uric acid; PDR, proliferative diabetic

retinopathy; NPDR, non-proliferative diabetic retinopathy.

the controls. For different phases of DR, UA levels increased
significantly in participants with PDR than those in the controls
with diabetes. No significant difference was found in patients
with NPDR (WMD = 22.50; 95% CI: −6.07, 51.08; P = 0.120;
I2 = 97%; P < 0.001), while the existing heterogeneity possibly
influenced the robustness of this result. In the comparison
between patients with NPDR and controls, we noted that the
study conducted by Xia et al. (34) used different specimens and
detection methods for UA measurement. When this sensitive
study was removed, the heterogeneity among the studies
decreased sharply, and the difference was statistically significant
(WMD = 13.50; 95% CI: 3.12, 23.89; P = 0.010; I2 = 65%; P
= 0.003). In addition, increased UA levels existed in patients
with PDR compared with patients with NPDR in our study,
with no significant heterogeneity. This finding is consistent with
previous studies showing that participants with higher UA levels

have an increased risk of DR severity (from NPDR to PDR)
(40, 51). Furthermore, a linear dose-response correlation of the
elevation in patients with DR with different UA levels revealed a
gradual increase from insignificant to significant. This is in line
with the epidemiological survey showing that higher UA levels
(≥378.00 µmol/L) were associated with a greater risk for DR
(OR: 3.42; 95% CI: 1.64, 7.14; P = 0.001) (52), suggesting that
elevated UA may be a potential risk factor for the progression
of DR.

Increased UA is likely to play a role in the pathogenesis of
DR. Accumulating experimental and clinical studies have found
that oxidative stress and inflammatory responses induced by UA
contribute to microvascular damage in DR (53, 54). Circulating
UA is regarded as a powerful antioxidant that can remove
superoxide and hydroxyl radicals in plasma, which may lead to
an increase in reactive oxygen species production, which has been
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TABLE 2 | Subgroup analysis of the studies for the UA levels and DR.

Heterogeneity

Subgroups Number of studies WMD (95% CI) P I2 P

Region

Asia 16 24.67 (2.30; 47.03) 0.031 96.7% <0.001

Others 5 76.30 (15.03; 137.57) 0.015 97.3% <0.001

DR phase

NPDR vs. DM without DR 10 22.50 (−6.07; 51.08) 0.120 97.0% <0.001

PDR vs. DM without DR 8 46.57 (28.51; 64.63) <0.001 70.6% 0.001

PDR vs. NPDR 8 28.68 (19.78; 37.58) <0.001 43.6% 0.088

Diabetes types

1 2 48.52 (39.02; 58.02) <0.001 0.0% 0.426

2 14 27.16 (2.61; 51.71) 0.030 96.9% <0.001

Both 5 60.51 (−19.27; 140.29) 0.137 97.9% <0.001

Duration of diabetes, years

≤15 10 36.52 (4.81; 68.23) 0.024 97.6% <0.001

>15 6 62.22 (19.16; 105.27) 0.005 97.7% <0.001

BMI, kg/m2

≤25 7 24.92 (8.14; 41.69) 0.004 89.5% <0.001

>25 8 63.51 (13.11; 113.91) 0.014 98.4% <0.001

FBG, mg/dL

≤150 5 47.47 (−0.62; 95.56) 0.053 98.1% <0.001

>150 7 52.76 (10.15; 95.37) 0.015 97.4% <0.001

HbA1c, %

≤8.0 5 26.07 (2.62; 49.52) 0.029 90.4% <0.001

>8.0 11 55.35 (23.92; 86.78) 0.001 97.4% <0.001

LDL, mg/dL

≤120 12 42.93 (13.78; 72.09) 0.004 97.9% <0.001

>120 5 53.39 (37.11; 79.67) <0.001 79.2% 0.001

Specimen types

Plasma 3 50.15 (−1.42, 101.72) 0.057 96.4% <0.001

Serum 18 32.77 (13.99; 51.55) 0.001 94.9% <0.001

UA level, µmol/L

Quartile 1 (285.4–307.1) 5 3.72 (−32.87; 40.32) 0.842 95.3% <0.001

Quartile 2 (307.1–333) 5 25.88 (4.87; 46.90) 0.016 88.3% <0.001

Quartile 3 (333–378.15) 6 6.83 (0.09; 13.57) 0.047 0.0% 0.531

Quartile 4 (378.15–505.6) 5 128.06 (72.37; 183.75) 0.001 96.8% <0.001

NOS

<7 10 42.26 (1.14; 83.38) 0.044 95.5% <0.001

≥7 11 33.15 (7.45; 58.84) 0.011 97.6% <0.001

DR, diabetic retinopathy; PDR, proliferative diabetic retinopathy; NPDR, non–proliferative diabetic retinopathy; NDR, non–diabetic retinopathy; BMI, body mass index; SD, standard

deviation; NOS, Newcastle–Ottawa scale; HbA1c, glycated hemoglobin A1c; UA, Uric acid 1 mg/dL = 59.48 µmol/L; FBG, fasting blood glucose 1 mmol/L =18.0 mg/dL; LDL,

low-density lipoprotein 1 mmol/L= 38.66 mg/dL.

proven to cause coagulation disorders in the microcirculation
(55). Furthermore, previous studies have demonstrated that UA
could activate the NLRP3/NALP3 inflammasome and increase
the expression of inflammatory factors such as TNF-α, IL-6,
and CRP (17, 56). Several meta-analyses have shown higher
levels of these inflammatory factors in patients with DR than
those without DR (18, 57, 58). These inflammatory mediators
have been shown to induce vessel dilation, retinal edema,
platelet aggregation, and other pathological changes at the
onset of DR (59, 60). Moreover, UA-lowering therapy has been

confirmed to significantly decrease retinal and plasma levels of
inflammatory cytokines and adhesion factors in streptozotocin-
induced diabetes in rats (61). The role of anti-vascular endothelial
growth factor (anti-VEGF) agents in targeting inflammation
treatment to slow down the progression of DR has recently been
regarded as effective (62). In addition, patients with diabetes with
decreased urine UA excretion have been reported to have an
increased risk of DR (63).

Since obvious heterogeneity existed among the 21 studies,
it was imperative to explore the sources of heterogeneity.
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FIGURE 4 | Forest plot of the subgroup analysis on the concentrations of UA in patients with DR compared with controls with diabetes. UA, uric acid; DR, diabetic

retinopathy; Quartile 1 (285.4–307.1); Quartile 2 (307.1–333); Quartile 3 (333–378.15); Quartile 4 (378.15–505.6), µmol/L.

In subgroup analyses, high heterogeneity still existed. When
stratified by quality score, the results showed that the
heterogeneity failed to decrease, and the pooled results
for each subgroup were approached. Notably, in subgroup
analyses based on participants’ clinical characteristics, such
as duration of diabetes, FBG, and HbA1c, increased UA
levels were observed in patients with DR with relatively poor
health status. Further meta-regression analyses revealed that
heterogeneity existed in the participants included in each
study with different BMI and FBG levels. Considering the

critical role of BMI and FBG levels in diabetes management
(64, 65), it is rational to regard the severity of diabetes
as the underlying source of heterogeneity. Possibly due to
the differential therapies and health care services received
by participants, diabetes severity was unevenly distributed
across the included studies. For instance, unlike in developed
regions, studies conducted in less-developed regions show
higher UA levels (29, 41). Moreover, two sensitive studies (34,
41) were defined contributing more to the heterogeneity in
sensitivity analysis.
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FIGURE 5 | Sensitivity analysis of the 21 studies. Sensitivity analysis was performed according to omit one study in each turn. CI, confidence interval.

Present meta-analysis had several limitations that may have
affected the final conclusions. First, we failed to infer the
causality of this association because of uncertainty about the
temporal order. Evidence suggests that DR increases the risk of
hyperuricemia in patients with diabetes (66). By summarizing the
results of existing studies, we found that sex-related differences
in this association remain unclear and deserve to be further
elucidated. A previous cohort study reported an increased risk
of newly developed DR in women [hazard ratio (HR): 2.17;
95% CI: 1.40, 3.37; P < 0.001] but not in men (HR: 1.08;
95% CI: 0.71, 1.66; P = 0.998) (19). However, Yanan Hu
et al. investigated the association between UA and VTDR,
showing that no sex-related difference was observed in the
effect of UA on an increased risk of VTDR after adjustment
(21). In addition, only a few studies have been conducted
on patients with type 1 DM (20, 39, 67), which restricts
the interpretation of results. Second, since the individual’s
continuous data, such as concentrations of UA, FBG, and
BMI levels, were unavailable in each study, there were certain
deviations for the subgroup analysis by transforming continuous
variables into binary variables using the mean. Finally, the
possibility of selection and unidentified confounding biases
cannot be excluded. For example, the use of anti-hyperuricemic

medications could be a potential confounder. A previous
study showed that anti-hyperuricemic drugs are protective
against retinal inflammation (61). However, most of the studies
included in the meta-analysis did not control the use of anti-
hyperuricemic medication; therefore, they possibly enrolled
participants receiving UA-lowering therapy, which would limit
the rigor of our results. In addition, similar to UA, homocysteine
(Hcy) plays an important role in evoking oxidative stress (68),
and Hcy levels are physiologically closely related to UA (69).
Previous studies have also provided evidence that Hcy may
also lead to endothelial injury in the retinal microvasculature
at higher levels (70); this confounding factor needs to be
recognized equally. Within these limitations, more prospective
studies of high quality deserve launching to further confirm
the association.

CONCLUSIONS

In conclusion, our study provides evidence that UA levels are
higher in patients with DR than those in the controls, but this
difference is not statistically significant in the early phases. UA
might be a potential biomarker for identifying disease severity in
patients with DR rather than predicting the onset of DR among

Frontiers in Public Health | www.frontiersin.org 11 May 2022 | Volume 10 | Article 906760118

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Guo et al. Uric Acid and Diabetic Retinopathy

patients with diabetes. However, more prospective and high-
quality clinical evidence is required to confirm these findings.
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Objective: This study aimed to investigate the correlation between best corrected visual
acuity (BCVA) and retinal microstructural parameters detected by optical coherence
tomography (OCT) in diabetic retinopathy macular edema (DRME).

Methods: Thirty-nine patients (64 eyes) with DRME were enrolled in this study. These
patients underwent OCT to measure the fracture distance of the external limiting
membrane (ELM), junction between the inner and outer segments (IS/OS), central
foveal thickness (CFT), and edema layer. The correlation between the above
parameters and BCVA was discussed.

Results: CFT and the fracture distances of the ELM and IS/OS layers were negatively
correlated with BCVA (p<0.05 for all). There was significant difference in Logarithm of the
minimum angle of resolution (LogMAR) BCVA among patients with inner retinal edema,
outer retinal edema, and mixed retinal edema (F = 5.57, p = 0.01). The LogMAR BCVA of
inner retinal edema was the lowest (p < 0.05), and the LogMAR BCVA of outer retinal
edema and mixed retinal edema were comparable (p > 0.05).

Conclusion: In eyes with DRME, thin CFT, intact ELM and IS/OS layers, and edema in
inner retina is closely correlated with good BCVA.

Keywords: optical coherence tomography, photoreceptor layer, external limiting, central foveal thickness, diabetic
retinopathy macular edema
1 INTRODUCTION

As a serious complication of diabetes, diabetic retinopathy macular edema (DRME) is a common
eye disease that causes blindness and the main cause of vision loss in diabetic retinopathy (DR) (1).
DR can destroy the blood-retina barrier, and the intravascular components such as proteins, lipids
and inflammatory factors leak out the barrier, changing osmotic pressure and protein gradient (2).
Metabolism of cell is thus affected, resulting in cellular edema or shrinking, ion disorder, membrane
depolarization. These pathologic conditions lead to changes of microenvironment of the retina,
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resulting in disruption of the retina especially the outer retina
(3, 4). Clinical examination of DRME mainly depends on
ophthalmoscopy, fundus fluorescein angiography, a slit lamp,
and optical coherence tomography (OCT). Compared with other
inspection methods, OCT can be used not only for tomography
and interlayer positioning, but also for quantitative
measurement; therefore, it is widely used in the clinical
examination of retinal diseases such as branch retinal vein
occlusion, chorioretinitis, and retinal detachment. This study
was designed to inspect the retinal microstructure in DRME with
OCT and analyze the correlation between retinal microstructure
and best corrected visual acuity (BCVA) to demonstrate the
pathological characteristics and provide a reference for treatment
of DRME.
2 SUBJECTS AND METHODS

2.1 Subjects
Between September 2017 and March 2019, 39 patients (64 eyes)
were diagnosed with DRME in our hospital and enrolled in this
study. The average age of these patients was 58.6 ± 13.5 years.
These patients included 19 males (48.72%) and 20 females
(51.28%). Two patients had type I diabetes mellitus (5.13%),
and 37 patients had type II diabetes mellitus (94.87%). The
diseased eyes included 33 right eyes (51.56%) and 31 left eyes
(48.44%). The course of disease was 11.4 ± 6.3 years. Inclusion
criteria: (1) DRME was diagnosed according to the Early
Treatment of Diabetic Retinopathy Study (ETDRS) evaluation
criteria (5); and (2) in OCT images, the central foveal thickness
(CFT) was ≥250 mm, and the junction between inner and outer
segments (IS/OS) was involved. Exclusion criteria: (1) history of
intraocular surgery; (2) refractive stromal opacity such as
keratoleukoma and grade V sclerotic nuclei cataract; (3) macular
edema associated with epimacular membrane, vitreoretinal
proliferation, uveitis, and posterior vitreous detachment; (4)
history of undergoing retinal laser photocoagulation, peribulbar
vitreous cavity surgery, or injection of hormone drugs within
2 years.

2.2 Methods
2.2.1 Treatment
Two doctors with more than 3 years’ experience in ophthalmic
examination performed OCT and recorded the BCVA in 39
patients. The Heidelberg SPECTRALIS optical coherence
tomoscanner (Spectarlis HRA + OCT; Heidelberg Engeneering,
Heidelberg, Germany) with image resolution of more than 16 dB
was used. The diseased macular area was scanned in four
directions (0°, 45°, 90°, and 135°), with the fovea as the center
and 1 mm as the radius. The distance of the accumulated fracture
zone of the ELM layer and IS/OS layer was measured on the
scanogram, and the mean was calculated. The CFT of each eye
was measured and classified as follows: inner retinal edema, the
inner five layers of the retina were affected; outer retinal edema,
the outer five layers of the retina were affected; and mixed retinal
edema, the inner and outer layers of the retina were affected.
BCVA was obtained by optometry.
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2.3 Statistical Analysis
The data analysis was conducted using SPSS 19.0. Measurement
data, such as LogMAR BCVA and CFT, were evaluated using
one-way analysis of variance (ANOVA). The correlation between
data, such as the correlation between CFT and LogMAR BCVA,
was evaluated using Pearson correlation. P < 0.05 was considered
statistically significant.
3 RESULTS

3.1 Correlation Between CFT and BCVA
In 39 patients (64 eyes), LogMAR BCVA was 0.66 ± 0.37 and
CFT was 430.48 ± 135.01 mm; therefore, CFT was positively
correlated with LogMAR BCVA (r = 0.58, p <0.001, Figure 1).
3.2 Correlation Between Fracture Distance
of ELM Layer and BCVA
In 39 patients (64 eyes), the fracture distance of the ELM layer
was 746.19 ± 631.01 mm, which was positively correlated with
LogMAR BCVA (r = 0.79, p< 0.001, Figure 2).
3.3 Correlation Between Fracture Distance
of IS/OS Layer and BCVA
In 39 patients (64 eyes), the fracture distance of the IS/OS layer
was 997.00 ± 627.01 mm, which was positively correlated with
LogMAR BCVA (r = 0.85, p< 0.001, Figure 3).
3.4 Correlation Between Edema Layer
and BCVA
There was inner, outer, and mixed retinal edema in 18, 29, and 17
eyes, respectively, and the difference in LogMAR BCVA was
FIGURE 1 | Correlation between CFT and LogMAR BCVA.
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statistically significant ([0.43 ± 0.24] vs. [0.72 ± 0.35] vs. [0.79 ±
0.43], F = 5.57, p = 0.01). The LogMAR BCVA of inner retinal
edema was smaller than that of outer retinal edema (p < 0.05),
the LogMAR BCVA of inner retinal edema was smaller than that
of mixed retinal edema (p < 0.05), and there was no significant
difference in LogMAR BCVA between outer retinal edema and
mixed retinal edema (p > 0.05, Figures 4–9).
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4 DISCUSSION

In related studies, in OCT examination, the correlation between
CFT and LogMAR BCVA was different in DRME. For example,
studies have revealed that there was a positive correlation
between the two, and r values ranged from 0.39 to 0.79 (6–9).
A study also revealed that CFT was negatively correlated with
FIGURE 3 | Correlation between fracture distance of IS/OS layer and
LogMAR BCVA.
FIGURE 4 | OCT scanning of the ocular fundus in an individual without DRME. There is no edema in the macular area, the CFT value is 231 mm, and the ELM layer
and IS/OS layer are continuous.
FIGURE 2 | Correlation between fracture distance of ELM layer and
LogMAR BCVA.
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LogMAR BCVA in DRME (r = −0.23) (10). This study revealed
that there was a negative correlation between CFT and BCVA,
and the higher the CFT, the lower the BCVA is. CFT and
LogMAR BCVA were used as baseline values and compared. It
Frontiers in Endocrinology | www.frontiersin.org 4125
was found that BCVA increased with an increase in CFT in 17%
of the eyes and decreased with a decrease in CFT in 16% of the
eyes. However, this contradicts the overall results, and the reason
may be that there were different degrees of ELM layer and/or IS/
FIGURE 5 | OCT scanning of the ocular fundus in patients with DRME. The CFT value is 397 mm, the ELM layer is continuous, the fracture distance of the IS/OS
layer is 139 mm, and there is outer retinal edema.
FIGURE 6 | The CFT value is 519 mm, the ELM layer is continuous, the fracture distance of the IS/OS layer is 1,153 mm, and there is outer retinal edema.
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FIGURE 7 | The CFT value is 437 mm, the fracture distance of the ELM layer is 897 mm, the fracture distance of the IS/OS layer is 977 mm, and there is mixed
retinal edema.
FIGURE 8 | The CFT value is 536 mm, the fracture distance of the ELM layer is 1,189 mm, the fracture distance of the IS/OS layer is >2,000 mm, and there is outer
retinal edema.
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OS layer fracture in the eyes of the patients included in this study,
which affected BCVA. Shen et al. (11) reached a similar
conclusion, namely the severity of macular edema did not
match BCVA; however, the integrity of photoreceptors plays a
very important role in the limited vision in DRME.

In addition, this study revealed that the fracture distance of
both the ELM layer and the IS/OS layer was statistically and
negatively correlated with BCVA; this result is consistent with
those reported in the related literature (12–14). However, most of
the literature reflects the relationship between the integrity of the
ELM layer and/or IS/OS layer with BCVA by classifying variables.
For example, the continuity of the ELM layer and/or IS/OS layer
was artificially divided into two groups (positive and negative) or
three fractured groups, and then the difference in BCVA among
different groups was compared. In this study, quantitative
processing of the ELM layer and IS/OS layer was carried out to
calculate the fracture distance in four directions, making the
results of the ELM layer and IS/OS layer more reliable. The
results of the present study revealed that the fracture distance of
the ELM layer (746.19 mm) was shorter than that of the IS/OS
layer (997.00 mm), which can provide a reference for the
quantitative relationship between ELM layer fracture and the IS/
OS layer. Regarding the correlation between the ELM layer and the
IS/OS layer and visual acuity, Maheshwary et al. highlight that
whether the IS/OS layer is damaged is a risk factor for BCVA (12).
The present study supports the conclusion of the literature in that
compared with the ELM layer, the IS/OS layer can affect visual
acuity, namely compared with BCVA, the damage or fracture
degree of the IS/OS layer has a stronger correlation with BCVA
(r = 0.851 > r = 0.786).
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The ELM of photoreceptor cells connecting Muller cells has a
barrier function (15). Therefore, when Muller cells and glial cells
become diseased, such as through degeneration or edema, the
barrier function of the ELM layer is destroyed, causing large
molecules, such as inflammatory cells in the blood, to be
transferred to the outer retina through the damaged ELM
layer, changing the protein concentration. Consequently, the
osmotic pressure balance of the outer retina is damaged, the
photoreceptor cells are destroyed, and the function of nerve
signal transduction is reduced (14). The inner segment of the
retinal photoreceptor is rich in mitochondria, and its damage
and loss are considered to be a sign of decreased photoreceptor
function, which is also associated with a decrease in BCVA (16).
The ELM is a complex consisting of extended myoid
photoreceptor cells and the foot plate of Muller cells, which is
involved in the maturation and polarization of photoreceptor
cells (17). A study highlights that the incompleteness of the IS/
OS layer structure is closely related to the imperfection of the
ELM layer (11), and ELM integrity recovery is earlier than IS/OS
layer (18). Therefore, in patients with DRME, after treatment, the
recovery of ELM is regarded as the key to BCVA recovery.

In OCT, when it scans the abnormal cells in the retinal
pigment epithelial (RPE) layer, it indicates that macrophages in
the RPE layer are activated or subjected to metaplasia or
phagocytosis. The damaged RPE layer can indirectly reduce the
activity or function of photoreceptor cells (19), which proves that
the IS/OS layer is closely related to BCVA. A previous study
revealed that compared with the other types, the damage to the
integrity of ELM and IS/OS was mostly presented as cystic
edema. Therefore, the visual acuity of patients with cystoid
FIGURE 9 | The CFT value is 352 mm, the fracture distance of the ELM and IS/OS layers is >2,000 mm, and there is mixed retinal edema. R2 Linear.
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macular edema is often weaker than that of healthy people of the
same age, as cystic edema can affect glial components and
destroy photoreceptor cells, which when severe, may cause
blindness (14). According to the different pathological types of
leakage, macular edema occurs in both the inner nuclear layer
and the outer plexiform layer; therefore, the edema layer can be
divided into three types: inner nuclear layer, outer plexiform
layer, and mixed type. However, the three types of edema also
have their own characteristics. For example, the BCVA of mixed
and outer retinal edema is lower than that of inner layer edema.
Previous studies have shown that blood components and wastes
in the vesicles-like space may affect cell metabolism and cause
changes in osmotic pressure, resulting in stretched axons and
disfunction of bipolar cells with decreased photosensitivity and
signal transduction (19). Similarly, photoreceptor cells are
stressed and a similar cascade of changes occurs, leading to a
decline in photographic function. In other studies, the vesicles
with high density are mostly located in outer retinal edema since
the component of the high density point is lipoprotein.
Lipoproteins penetrate into the ELM layer, and the
lipoproteins passing through the ELM layer can also destroy
the IS/OS layer to directly induce photoreceptor degeneration
(5). In DRME, there are inflammatory factors that lead to the
destruction of the outer barrier, and then the edema of the outer
retina is aggravated, and photoreceptor cells are damaged. In
addition, the outer retinal edema is anatomically close to the IS/
OS layer and ELM layer; therefore, edema can increase
intracapsular pressure physically and further aggravate inner
retinal edema. These factors reduce the BCVA visual acuity of
outer retinal edema. Unlike outer and inner retinal edema, due to
the presence of both inner and outer retinal edema, mixed retinal
edema further enhances the edema effect and further
reduces BCVA.

There are some limitations in this study, however; for
example, the sample size was small, BCVA was not measured
based on ETDRS, and it was difficult to exclude the influence of
other factors on BCVA or retinal dysfunction. Therefore, it is still
necessary to assess whether the retinal function is abnormal with
the help of an electroretinogram. This study performed OCT
scans of the macular area in four directions of 0, 45, 90, and 135
Frontiers in Endocrinology | www.frontiersin.org 7128
degrees in 64 eyes, and did not perform more refined scans, such
as 8- or 16-equivalent scans. And the study area was only 1 mm
as the radius and fovea as the center, and no larger area study was
done. In addition, imaging with OCT scans in DMEmay have an
impact on the imaging of the outer microstructure when there is
hard exudate or hemorrhagic occlusion in the retina, leading to
measurement errors.

In summary, according to OCT examination, the CFT is
small, the ELM layer and IS/OS layer are relatively integral, and
BCVA is closely correlated with inner retinal edema in DRME.
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Backgrounds: Diabetic retinopathy (DR) is one of the most severe microvascular
complications of diabetes mellitus (DM). Secreted protein acidic and rich in cysteine
(SPARC) has been found to play an important role in many diseases, but its role and
mechanism in DR remain unknown.

Methods:We studied the role of SPARC and integrin b1 in vascular pathophysiology and
identified potential therapeutic translation. The SPARC levels were tested in human serum
and vitreous by ELISA assay, and then the Gene Expression Omnibus (GEO) dataset was
used to understand the key role of the target gene in DR. In human retinal capillary
endothelial cells (HRCECs), we analyzed the mRNA and protein level by RT-PCR,
immunohistochemistry, and Western blotting. The cell apoptosis, cell viability, and
angiogenesis were analyzed by flow cytometry, CCK-8, and tube formation.

Results: In this study, we investigated the role of SPARC in the development and
progression of human DR and high glucose-induced HRCEC cells and found that the
SPARC-ITGB1 signaling pathway mimics early molecular and advanced neurovascular
pathophysiology complications of DR. The result revealed that DR patients have a high-
level SPARC expression in serum and vitreous. Knockdown of SPARC could decrease the
expressions of inflammatory factors and VEGFR, inhibit cell apoptosis and angiogenesis,
and increase cell viability by regulating integrin b1 in HRCECs.

Conclusion: SPARC promotes diabetic retinopathy via the regulation of integrin b1. The
results of this study can provide a potential therapeutic application for the treatment of DR.

Keywords: SPARC, diabetic retinopathy, integrin b1, angiogenesis, HRCECs
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INTRODUCTION

Diabetic retinopathy (DR) is one of the most common
microvascular complications of diabetes (types 1 and 2) and
remains the leading cause of blindness and vision impairment
worldwide (1). The global prevalence of DR is expected to remain
high through 2034 in DR screening, treatment, and public
healthcare strategies (2). In addition, DR is more common in
women than men with type 2 diabetes, but men have more severe
retinopathy, blurred vision, or blindness (3). The process consists
of multiple events. In the early stages of diabetic retinopathy,
hyperglycemia and altered metabolic pathways lead to oxidative
stress and neurodegeneration (4). Ophthalmoscopy revealed a
rupture of the blood–brain barrier, the release of various
inflammatory cytokines and plasma proteins, and solid
exudates (5). Therefore, when studying pathogenesis, more
attention should be paid to molecular biology and molecular
interventions targeting the disease. Understanding the changes
and molecular biological signaling pathways of DR may
represent valuable therapeutic targets for DR treatment.

Secreted protein acidic and rich in cysteine (SPARC, BM-40,
osteonectin) is a stromal cellular protein (binding to the
extracellular matrix) widely expressed in ocular tissue with
multiple roles, including metabolic homeostasis, inflammation
reduction, extracellular matrix remodeling, and collagen
maturation (6). SPARC modulates tissue physiology by altering
cell-ECM interactions, cell proliferation, and migration. Due to
these properties, SPARC is involved in wound healing,
angiogenesis, tumorigenesis, and inflammation (7). SPARC
promotes these functions by affecting the activity of cytokines
and growth factors such as vascular endothelial growth factor
(VEGF), the most potent and widespread angiogenic mitogen in
capillary endothelial cells (8). SPARC KO mice presented
impaired glucose homeostasis and insulin section capacity and
SPARC was confirmed as a key factor in the pathogenesis of
diabetes (9). SPARC plays an important role in hyalocyte-to-
myofibroblast transdifferentiation in proliferative diabetic
retinopathy, and deletion of SPARC enhances retinal vaso-
obliteration (10, 11). However, research has shown that the
role of SPARC in the function of DR in humans and cellular is
still lacking, and the exact mechanistic link between SPARC and
disease development in DR has not been fully explored.

SPARC has been shown to modulate the mitogenic activity in
normal endothelial cells in a dose-dependent manner (12) and play
dual roles in tumor angiogenesis and tumor extravasation and
mediate permeability that is related to endothelial barrier function
(13). The expression of SPARC was significantly correlated with the
expression of VEGF in colon tumors (14). SPARC regulates glioma
growth by altering the tumor microenvironment and inhibiting
tumor angiogenesis by suppression of VEGF expression and
secretion (15). Furthermore, SPARC-secreted glycoprotein
prevents deleterious cardiac inflammation by improving
glycocalyx and endothelial barrier functions during viral
myocarditis (16). However, the relationship between SPARC and
angiogenesis and inflammation has not been investigated in DR.

Integrin b1 (ITGB1) belongs to the b-subfamily and forms
dimers with multiple a-subunits. Previous studies found that
Frontiers in Endocrinology | www.frontiersin.org 2131
inhibition of ITGB1 and focal adhesion kinase (FAK) inhibits the
migration of bovine myeloid-derived suppressor cells (MDSCs)
(17). In addition, ITGB1 signaling plays a significant role in
pericyte apoptosis in DR (18). The high levels of glucose in
diabetes increased VEGF expression in vascular endothelial cells
through fibronectin and integrin b1 interaction (19). SPARC can
affect the migration and differentiation of bovine muscle-derived
satellite cells via the ITGB1-mediated cell signaling pathway (20).
In the human lens epithelium-derived cell line SRA01/04, the
expression of SPARC and ITGB1 exhibits as a molecular biology
of lens cells (21).

This paper attempts to show the effect of SPARC expression
in human samples and human cell lines. Our results suggest a
unique mechanism for how SPARC-ITGB1 and hyperglycemia
modulate VEGF signaling and inhibit neovascularization (NV)
in DR. Thus, we aimed to provide direct and informative
evidence of SPARC-ITGB1 expression and function involved
in the development of DR.
MATERIALS AND METHODS

This study was approved by the ethics committee of Shanghai
General Hospital and the institutional review board of the
University (No. 2021-047). All patients were informed and
signed an informed consent form. According to the
CONSORT guidelines, these studies also comply with the
Declaration of Helsinki.

Patients
We performed a prospective nonrandomized study at the
Department of Ophthalmology, Shanghai General Hospital,
Shanghai Jiao Tong University School of Medicine from
January to December 2021. DR patients (12 patients) included
in this study were diagnosed with diabetic retinopathy requiring
surgery, with or without vitreous hemorrhage. Among the 7
control patients, five had macular epiretinal membranes and
two had a macular hole, and they need surgery at the same
time without hypertension and diabetes mellitus (DM).

At our clinic, patients who were clinically assessed as eligible
were asked if they were interested in participating in the study.
Before applying, they must decide on whether they would like to
participate or not, and if so, they should provide written
informed consent.

Inclusion and Exclusion Criteria
The minimum age of participants was 18 years old. Inclusion
criteria included the diagnosis of diabetic retinopathy and either
diabetes mellitus type 1 or type 2. The control group included
patients diagnosed with macular epiretinal membranes or
macular holes who needed pars plana vitrectomy.

Exclusion criteria included a history of subtotal or complete
vitrectomy (3 port pars plana vitrectomy), treatment with an
antiangiogenic agent, partial vitrectomy with drug administration,
or laser coagulation within the 90 days before screening or
treatment with a long-acting corticosteroid within the last 90 days
June 2022 | Volume 13 | Article 869519
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before screening. In addition, patients who had undergone a
cataract operation or posterior capsule opacification treatment
within the past 90 days or had any other eye disease or clinically
significant glaucoma evident at the time of screening were excluded.
Patients with uncontrolled intraocular pressure (≥30 mmHg)
were excluded.

Additional exclusion criteria included patients with
uncontrolled hypertension (>160/90 mmHg (systole/diastole),
poorly controlled diabetes (HbA1c >10%), or those diagnosed
with an autoimmune disease. Patients were excluded if pregnant
or breastfeeding during the study, if they had participated in a
clinical trial within 30 days before screening, and if they had any
other condition, that at the discretion of the investigator, was
deemed to be inconsistent with participation in the trial. Finally,
patients who reported drug or alcohol abuse within the 180 days
before screening were excluded.

Serum and Vitreous Sampling
A blood sample (5–10 ml blood) was taken before the surgery to
determine the SPARC level. A minimally invasive 3-port partial
pars plana vitrectomy was performed in all cases by one
vitreoretinal surgeon in the operating room. The extracted
vitreous sample was placed directly in the freezer at a
temperature of −70°C. Once completed, the removal of the
probe leaves a self-sealing wound, which reduces the risk of
leakage from the eye and limits the penetration of pathogens
from the outer ocular surface.

Analysis of Serum and Vitreous Samples
Serum and vitreous samples were sent for laboratory analysis
following surgery. The laboratory received no information about
whether each sample was part of the DR or control group. This
was to allow for laboratory analysis to be conducted in a
blinded fashion. The SPARC level was detected using an
enzyme-linked immunosorbent assay (ELISA) (DY941-05,
R&D, Minneapolis, USA).

HE Staining and Immunohistochemical
Analysis
The sample of human proliferative membranes and epiretinal
membranes were fixed in 2% PFA for 2 h and then frozen in
isopentane (−55°C). Next, the eyes were embedded in paraffin
and cut into 5-mm-thick sections, which were then mounted on
glass slides. Paraffin-embedded sections were dewaxed with
xylene, washed by gradient alcohol or distilled water, and
stained with hematoxylin for 1–3 min. Sections were then
differentiated by 1% hydrochloric alcohol, turned blue by PBS,
stained by eosin, and dehydrated using gradient alcohol. After
permeabilization with xylene, the tissues were photographed
under microscopy (BX53, Olympus, Japan).

Inaddition, the tissueswereprocessed for immunohistochemistry
(IHC) analysis using an anti-SPARC antibody (ab225716, Abcam,
Cambridge, the UK). Before the IHC procedure, sections were
deparaffinized and rehydrated by immersing the slides in xylene
and alcohol at descending concentrations. Colocalization of
individual SPARC, TRIB3, and BRN3A, or GFAP and vimentin
proteins in the retinal sections were detected using fluorescent
Frontiers in Endocrinology | www.frontiersin.org 3132
confocal microscopy. Fluorescence intensity was measured using
ImageJ software. Absorption control was performed using the
recombinant human SPARC protein.

GEO Dataset and Data Processing
The RNA-sequencing data of DR patients and corresponding
clinical information were obtained from the GEO dataset
(GSE102485) on December 31, 2021. mRNA expression data
of 11 DR patients and 3 healthy people were collected.

Difference Gene Expression and
Functional Enrichment Analysis
The differential expression of mRNA in DR tissue and normal
control samples was evaluated using the R software (Version 3.8;
http://www.bioconductor.org/packages/release/bioc/html). The
heatmap and volcano of these genes were plotted using the R
software. Pearson correlation analyses were performed to
identify gene-to-gene correlation. The p-value of 0.05 was
considered the significant threshold in all tests.

GO and KEGG Analyses
Gene ontology (GO), including the biological process (BP),
cellular component (CC), and molecular function (MF)
categories, was conducted with the “ggplot2” package in the R
software. Similarly, this package was also utilized to perform the
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis.

The STRING website (https://string-db.org/) uses the
protein–protein interaction network to study the interaction
between protein names (SPARC) and organisms (Homo
sapiens). The most important parameters are defined as
follows: the minimum required interaction rating [low
confidence (0,150)], the effectiveness of the network edge, the
maximum number of interactions to be displayed (no more than
50 first shells), and the active interaction sources.

To further the function of SPARC, we used GeneMANIA
tools (http://genemania.org/) to understand the coexpression,
colocation, genetic interaction, pathway, physical interaction,
and predicted and shared protein domains of SPARC.

Establishment of High Glucose-Induced
Cell Model
Human retinal capillary endothelial cells (HRCECs; PriCells
Biotechnological Co. Ltd., Wuhan, China) were cultured in
DMEM (Gibco, Grand Island, NY, USA), 10% fetal bovine
serum (FBS, Gibco), 100 IU/ml penicillin, and 100 mg/ml
streptomycin (Gibco). All cells were incubated in a humidified
atmosphere at 37°C under 5% CO2 air. Subculturing was
performed every 2 days, and cells were seeded into 96-well
plates with the density of 4 × 105 cells/ml, cultured for 1 h,
and detached with 0.25% trypsin. D-Glucose was added to the
medium at a final concentration of 30 mmol/L to generate high-
glucose (HG) conditions, while cells treated with DMEM (low
glucose) with 5 mmol/L served as the low-glucose group. In
addition, cells cultured in basal DMEM supplemented with
25 mmol/L glucose served as the normal medium conditions
(control group).
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siRNA and Plasmid Transfection
in HRCECs
Overexpression plasmids for SPARC and ITGB1 as well as the
silencing plasmids sh-NC, sh-SPARC, and sh-ITGB1 were
synthesized by Shanghai GenePharma Biological Co. Ltd.
(Shanghai, China). CDS sequences of SPARC and ITGB1 were
obtained from NCBI, followed by polymerase chain reaction
(PCR) amplification. Plasmids were established by cloning the
corresponding sequences of SPARC to pcDNA3.1 (+) vector
through restriction enzyme sites. Confluent cells were then
transfected with 1 mg sh-SPARC plasmid according to the
manufacturer’s protocol in the Lipofectamine 2000 kit
(Invitrogen, Carlsbad, CA, USA). Meanwhile, cells received
treatment with vector + dimethyl sulfoxide (DMSO), sh-
SPARC + DMSO, sh-ITGB1 + DMSO, and sh-SPARC + sh-
ITGB1, followed by treatment with DMSO and 0.5 or 1.0 mM
transmethylase inhibitor 5-Aza (Sigma) solution.

HRCECs were cultured at a density of 4 × 105 cells per 6-cm
well, and they were 80%–90% confluent at the time of transfection.
Two micrograms of each plasmid was transfected with 4 ml
lipofectamine 2000 reagent (Invitrogen, Karlsruhe, Germany)
according to the manufacturer’s recommendations, and the empty
vector was transfected into HRCECs as a control for comparison.

Cell Viability Assay
A Cell-Counting Kit-8 (CCK-8) assay was used to evaluate the
cell viability. HRCECs were treated with sh-SPARC for 24 h. The
cells were plated into 96-well plates for 48 h in the incubator. At
the end of the incubation period, 10 ml CCK-8 solution was
added to each well, and the plates were returned to the incubator
for an additional 2 h at 37°C. Absorbance was measured at
450 nm using a microplate reader.

Tube Formation Assay
Tube formation assay was performed as we previously described
(22). HRCECs were placed on the Matrigel and treated with sh-
SPARC for 12 h. Tube formation was quantified by counting the
number of connected cells in randomly selected fields and
dividing by the total number of cells in the same field.

Western Blotting and RT-PCR Analyses
HRCECs were harvested, and total proteins were obtained using
RIPA Lysis Buffer (Beyotime, Shanghai, China). The protein
concentration was determined using the BCA Protein
Quantitation kit (Beyotime, Shanghai, China). The proteins
were then separated by SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked with 5% nonfat milk
and 0.1% Tween-20 for 1 h at room temperature. Samples were
then incubated with the primary antibodies overnight at 4°C,
which were the primary antibodies against SPARC (66426-1-Ig,
Proteintech), ITGB1 (ab199056 Abcam), vascular endothelial
growth factor receptor (VEGFR) (ab134191, Abcam), integrin-
linked kinase (ILK) (ab134179, Abcam), and fibronectin 1 (FN1)
(ab52480, Abcam). After being washed three times with TBST
buffer, the membranes were incubated with secondary antibodies
(ab150077, Abcam) at 4°C for 3 h. Enhanced chemiluminescence
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(ECL) reaction reagents were used for visualization, and ImageJ
software was employed to analyze the results. The protein bands
were quantified and normalized to the expression of
glyceraldehyde 3-phosphate dehydrogenase (GAPDH).

The total RNA was extracted using Trizol reagent (TaKaRa,
Dalian, Liaoning, China), and the cDNA was synthesized with
RNA Transcription Kit (TaKaRa). RT-qPCR was then
performed using the SYBR Green RT-qPCR system. SPARC,
ITGB1, VEGFR, ILK, and FN1 mRNA expression were tested in
our study mRNA expression were tested in our study. The
relative expressions of mRNAs were evaluated by the 2−DDCq
method, and the internal normalization control is GAPDH
(Supplementary Table S1).

Flow Cytometry Apoptosis
Detection Assay
HRCECs were seeded in 6-well plates, then collected by
trypsinization, washed in 4°C PBS, and trypsinized into cell
suspensions. Phosphatidyl-serine (PS) exposure due to the
flipping of the plasma membrane, a concomitant feature
during apoptosis, was evaluated by PE Annexin V Apoptosis
Detection Kit (559763, BD Pharmingen) by flow cytometry
analysis containing PE Annexin V and 7-AAD. The
experiments were independently repeated three times.

Statistical Analysis
All results are expressed as the mean ± standard deviation (SD).
Statistical differences were assessed by a 2-tailed Student’s t-test
or one-way ANOVA statistical analysis followed by Tukey’s test.
All results were repeated at least three times, and p < 0.05 was
considered significant.
RESULTS

SPARC Is Highly Expressed in DR
Patients’ Serum, Vitreous, and
Proliferative Membranes
Recent studies found that dysregulation of SPARC is associated
with a variety of obesity-related diseases, including type 2
diabetes and its complications related to obesity, kidney and
liver disease, cardiovascular disease, and cancer (23). Therefore,
we investigated the SPARC expression in human serum and
vitreous samples and histological results in proliferative
membranes. The demographic data of the participants are
shown in Table 1. HE staining showed that the epiretinal
membrane is mainly composed of extracellular matrix (ECM)
such as collagen fiber, and the nucleus is round and spindle
shaped in the control group. DR group proliferation membrane
is mainly manifested as vascular fiber membrane, which is
characterized by more luminal structures surrounded by
endothelioid cells (Figure 1A). To this end, we analyzed and
quantitated SPARC level and immunoreactivity. Overall, the
serum and vitreum SPARC levels in the DR group were highly
increased significantly than in the control group (Figures 1B, C).
Representative control and DR of a 67-year-old and 56-year-old
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man are shown in Figure 1D. Strong evidence of DR immune
responses in retinal endothelial cells, ganglia, and photoreceptor
cells was observed in a 67-year-old nondiabetic man compared
with the control (Figure 1E).

Differential Gene Expression and Pathway
Signaling of SPARC
Further analysis showed the differential gene expression of DR
patients in the GEO dataset. The heatmap and volcano map are
shown in Figures 2A, B. SPARC and ITGB1 expressions are
significant differences between DR patients and healthy patients.
GO disease analysis also found that SPARC was correlated with
electroretinogram abnormality, photophobia, rod-cone
dystrophy, and disorder of the eye (Supplementary Figure
S1B). GO target gene analysis investigated ZNF513, AUTS2,
ZBTB44, and SUPT16H (Supplementary Figure S1C), and GO-
regulated gene analysis also found that NRL, ETV7, PAX6, and
CRX can regulate the expression of SPARC (Supplementary
Figure S1C). GO enrichment and GO network found that
SPARC plays an important role in retinal development in the
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camera-type eye (Figure 2C; Supplementary Figure S1A). The
GeneMANIA network showed that SPARC significantly
correlated with STAB1, FN1, VEGF, and ILK (Figure 2C).
Protein–protein network also investigated the correlation of
SPARC with ERBB4, ALB, COL1A1, and MMP2 (Figures 2D, E).

To verify these results, we test the mRNA of SPARC, ITGB1,
ILK, and FN1 levels in DR and control tissues and found that the
DR group has higher SPARC, ITGB1, ILK, and FN1 mRNA
levels than the control group (Figure 3A). It is indicated that a
high SPARC level is correlated with the development of DR, and
the SPARC expression level also links to ITGB1 and ILK.

SPARC Is Highly Expressed in HG-Induced
Cell Models
HG-induced retinal pigment epithelium can stimulate the
development of DR. Therefore, we also analyzed the SPARC
level in a different dose of HG-induced cell models. We found
that the SPARC level can be increased significantly in HGmedium
(30 mmol/L) in than low glucose medium (5.5 mmol/L) after
7 days of incubation, and the effect of HG treatment on SPARC
TABLE 1 | Demographic and clinical characteristics of patients.

Characteristics Total Controla DR p-value

Patients (No.) 19 7 12 –

Age (year) 57.8 ± 10.0 64.9 ± 6.5 52.8 ± 9.2 0.0940
Man/woman (%) 37 (7/19) 29 (2/7) 42 (5/12) 0.5681
Positive history of hypertension (%) 11 (2/19) 0 (0/7) 12 (2/17) 0.3432
Positive history of diabetes (%) 63 (12/19) 0 (0/7) 100 (12/12) <0.0001*
SPARC (ng/ml) 17.12 ± 9.28 11.98 ± 4.31 22.22 ± 11.65 0.0405*
June 2022 | Volume 13 | Artic
aDiagnosed as macular hole or epiretinal membrane. DR, diabetic retinopathy; SPARC, secreted protein acidic and rich in cysteine. *Significant results.
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FIGURE 1 | The SPARC level is increased in diabetic retinopathy patient. (A) HE staining. (B, C) Serum and vitreum SPARC level. (D, C) Immunofluorescence
staining of SPARC in control and diabetic retinopathy patient. (E) SPARC immunofluorescence between Control and DR group. *p < 0.05,**p < 0.01.
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showed a dose-dependent manner. qPCR assay showed that the
HG environment can also increase the SPARC, VEGFR, ITGB1,
IL-6, TGF-b, and ILK mRNA levels than the low-glucose group
(Figure 3). In this part, we further demonstrated that the
expression of SPARC and related genes and proteins in the
HRCEC cells were significantly increased under HG condition.

In addition, we also analyzed the protein level in the HG-
induced HRCEC cell model. The HG environment increased the
Frontiers in Endocrinology | www.frontiersin.org 6135
expression of ITGB1, ILK, FN1, and VEGFR compared with the
low-glucose-induced HRCEC cells (Figure 4A, B).

Ablation of SPARC Suppresses ITGB1/ILK
mRNA and Endothelial and Inflammation
Cell Biomarkers
Subsequently, the study aimed to understand the role of SPARC
and SPARC-related genes such as ITGB1 in the development
A

B

D

E

C

FIGURE 2 | The bioinformation analysis by GEO dataset. (A) Heatmap of DR patient. (B) Volcano map of DR patient. (C) GO pathway signaling. (D) Protein–protein
network by the STRING analysis. (E) Target gene network by the GeneMANIA tool.
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of DR. We first transfected HRCECs with the sh-SPARC-
interfered lentiviruses carrying red fluorescent protein. A
representative figure of immunofluorescence has been shown
in Figure 5A. The SPARC protein level has also been tested by
Western blotting and was found to be significantly lower in the
sh-SPARC group than in the control group, showing that the
SPARC silence model is successful (Figure 5).

After the establishment of the cell silencing model, we
detected the changes in SPARC-related gene expression.
Firstly, the SPARC mRNA level was significantly decreased in
the sh-SPARC group than in the sh-NC group, and then, the
ITGB1, ILK, VEGFR, FN1, IL6, and TGF-b mRNA levels also
markedly decreased in the sh-SPARC than in the sh-NC group.

Consisting with the mRNA expression of SPARC-related
genes, SPARC knockdown could decrease the protein level of
ITGB1, ILK, FN1, and VEGFR significantly than the control
group (Figure 4A, B).

Overexpression and Ablation of ITGB1 in
HG-Induced HRCEC Cells Suppress
ITGB1/ILK mRNA and Endothelial and
Inflammation Cell Biomarkers
ITGB1 overexpression and ablation demonstrate that the former
can significantly increase the expression of VEGFR, FN1, IL6,
and TGF-b in mRNA levels, whereas the latter could decrease the
expression of VEGFR, FN1, IL6, and TGF-b in mRNA levels.

In addition, the ITGB1 overexpression or ablation could
increase or significantly decrease the protein expression levels
Frontiers in Endocrinology | www.frontiersin.org 7136
of ILK, FN1, and VEGFR. The sh-SPARC/ITGB1-OE group
could also increase the ITGB1 protein level while the sh-SPARC/
ITGB1-sh group decreased the ITGB1 protein level significantly.
However, sh-SPARC/ITGB1-OE could only increase the protein
level of FN1 and VEGFR compared with the sh-SPARC/ITGB1-
sh group (Figure 6).

Ablation of SPARC and ITGB1 Inhibits the
HG-Induced Apoptosis, Cell Viability, and
Tube Formation of HRCECs
The cell apoptosis assay was conducted, and HG-induced
HRCECs had a high apoptosis ratio when compared with the
control group (Figure 7A). Firstly, HG-induced HRCECs can
increase apoptosis levels in the control group more than normal
glucose, and sh-SPACR can significantly decrease the apoptosis
ratio in HG levels more than normal glucose (Figure 7B). In
normal and HG (Figure 7D), the sh-ITGB1 group increased the
apoptosis ratio significantly more than the sh-NC. In addition,
sh-SPARC-ITGB1 also increased apoptosis significantly more
than in the sh-SPARC-NC in HG (Figure 7E).

We analyze the cell viability by CCK-8 tests in Figure 7A. After 1
or 2 days postincubation (Figures 8A, B), sh-SPARC significantly
decreased cell viability more than the sh-NC group (Figures 8C–E).
Apoptosis analysis showed that sh-SPARC cells exhibit higher
apoptosis levels than the sh-NC group in Figure 7C. Furthermore,
ablation of ITGB1 decreased cell viability significantlymore than the
NCgroup, andoverexpression of ITGB1 increased cell viabilitymore
than in the NC group (Figures 9A–C).
A B

C

FIGURE 3 | SPARC regulates the expression of ITGB1, inflammation, and VEGF genes in high-glucose-induced HECEC cells. (A) The mRNA expression of SPARC,
ITGB1, ILK, and FN1 in DR and control tissues. (B) SPARC level in different glucose-induced HECEC cells. (C) The mRNA expression in different glucose-induced
HECEC cells. *p < 0.05,**p < 0.01.
June 2022 | Volume 13 | Article 869519

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Luo et al. SPARC Mediates Diabetic Retinopathy
In Figure 9A, the tube formation test has been investigated
among the NC, sh-SPARC, sh-ITGB1, and sh-SPARC-ITGB1
groups. The corresponding image was shown, and the results
revealed that the sh-SPARC, sh-ITGB1, and sh-SPARC-ITGB1
groups could reduce tube formation rate and tube area covered
than the NC group (Figures 9B, C).
Frontiers in Endocrinology | www.frontiersin.org 8137
DISCUSSION

DR is the most common complication of diabetes mellitus, and it is
a leading cause of vision impairment and blindness (24). The
present study firstly shows that high expression of SPARC has
been detected in serum and vitreous samples of DR patients. The
A B

FIGURE 4 | The protein levels in HRCEC cells under high glucose and low glucose, sh-SPARC cells in normal condition, and control group. (A) Representative
figure. (B) The expression of proteins such as ITGB1, ILK, FN1, and VEGFR in HECEC cells. *p < 0.05,**p < 0.01.
A B

DC

FIGURE 5 | The related gene expression in SPARC gene silencing experiments. (A) Representative fluorescence figure. (B, C) Protein level of SPARC in SPARC
gene silencing experiments. (D) The mRNA level in SPARC gene silencing experiments. *:p < 0.05,**:p < 0.01.
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second part showed that HG-induced HRCEC cells could
upregulate the SPARC/ITGB1 pathway signaling and
inflammation biomarkers when combined with the GEO dataset.
Finally, ablation of SPARC and ITGB1 can also regulate apoptosis,
cell viability, and tube formation.

C-reactive protein, N-epsilon-carboxymethyl lysine (N-ϵ-CML),
and pentosidine are just a few of the many circulating, vitreous, and
genetic biomarkers that have been studied lately (25). VEGFR is a
currently recognized biomarker of DR and plays a key role in the
Frontiers in Endocrinology | www.frontiersin.org 9138
pathogenesis of DR by stimulating angiogenesis (26). However, not
all patients respond to anti-VEGF therapy, and the treatment has
side effects, such as short duration of action and the repetitive need
for intraocular injection (27). Therefore, the identification of a new
biomarker for DR is necessary to increase detection, risk
stratification, and treatment for patients with DR.

SPARC plays a crucial role in the development of many diseases,
including cancer and cardiovascular, osteoarticular, and metabolic
diseases. Li et al. found that SPARC and FN1 are highly expressed
A B

D

C

FIGURE 6 | The mRNA and protein levels in overexpression and ablation of ITGB1 experiments. (A) Overexpression of ITGB1 experiments. (B) Ablation of ITGB1
experiments. (C, D) Protein level in the overexpression and ablation of the ITGB1 experiments. *:p < 0.05,**:p < 0.01.
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and significantly related to the poor prognosis of gastric
adenocarcinoma (28). Furthermore, SPARC is a key mediator of
TGF-b-induced renal cancer and metastasis (29). In NAFLD-
associated hepatocellular carcinoma, the inhibition of SPARC
accelerates the development of cancer and cardiovascular disease
(30). SPARC contributes to myocardial fibrosis in pressure overload
(31). SPARC also plays a potential role in load-induced regulation of
tendon homeostasis, vertebrate cartilage mineralization, and bone
healing (32–34). SPARC is required to maintain glucose
homeostasis and insulin secretion in mice with metabolic diseases
Frontiers in Endocrinology | www.frontiersin.org 10139
such as obesity and type 2 diabetes (9). Previous studies found that
SPARC plays an important role in hyalocyte-to-myofibroblast
transdifferentiation in proliferative diabetic retinopathy (10).
However, more in-depth studies on the role of SPARC in diabetic
retinopathy are currently lacking.

In our studies, we found that ablation and overexpression of
SPARCregulate the expressionof ITGB1, inflammation, andVEGFR
levels, which contribute to changes in apoptosis, cell viability, and
tube formation. As mentioned in the literature review, SPARC
influences skeletal muscle-derived satellite cell migration and
A
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C

FIGURE 7 | Apoptosis level in ablation of SPARC and ITBG1 in different glucose-induced experiments. (A) Representative figure of flow cytometry. Annexin V/7-
AAD assay was performed to determine the percentage of apoptotic cells. (B–E) Apoptosis ratio in ablation of SPARC and ITBG1 in different glucose-induced
experiments. *:p < 0.05, **:p < 0.01.
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differentiation through the ITGB1-mediated signaling pathway (20).
ITGB1 and SPARC exhibit lens epithelial cell-like characteristics in
cataracts (21). These results corroborate the findings of a lot of our
studies that SPARC may play an important role in regulating the
Frontiers in Endocrinology | www.frontiersin.org 11140
ITGB1-mediated signaling pathway. SPARC also regulated the
expression of VEGFR in DR. Previous studies have shown that
SPARC regulates glioblastoma growth by altering the tumor
microenvironment and inhibits tumor angiogenesis by inhibiting
A B

D EC

FIGURE 8 | Cell viability experiments test by CCK-8 analysis. (A) Representative figure of cell viability experiment. (B) The cell viability experiments in ablation of
SPARC in 1 and 2 days. (C) Apoptosis of Annexin V+/7-AAD− experiment. (D, E) The cell viability experiments in 1, 2, 3, 4, 5 days with overexpression and ablation
of ITGB1. *:p < 0.05, **:p < 0.01.
A B

FIGURE 9 | The tube formation of ablation of SPARC and ITGB1 experiments. (A) Representative figure of tube formation. (B) Tube formation area covered. (C)
Tube formation rate. *:p < 0.05,**:p < 0.01.
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VEGF expression and secretion (15). Sachiko et al. investigated that
SPARCactivatesfibroblasts only in thepresenceoffibronectin,which
is abundantly secreted in endometrial cancer cells expressingSPARC,
and SPARC-FN1-mediated fibroblast activation may be associated
with increased cancer cell migration and invasiveness (35). In
addition, fibronectin acts as a molecular switch that determines
SPARC function in pancreatic cancer (36). SPARC also regulates
the inflammation response via targeting TGF-b, which is also
consistent with our results (37).

SPARC protein could also regulate cell apoptosis, cell
viability, and tube formation. SPARC deficiency suppresses
diabetes-stimulated increases in superoxide production and
eliminates prominent features of hepatocyte damage, such as
impaired cytoprotection, inflammation, apoptosis, and
autophagy (38). SPARC increases NOX4 expression via a TGF-
b1-dependent signaling pathway, leading to oxidative stress and
proinflammatory matrix behavior and apoptosis in human brain
smooth muscle cells (39). The downregulation of SPARC could
decrease cell migration, invasion, and viability (40). SPARCs are
targeted antiangiogenic proteins in dysfunctional endothelial
colony-forming cells that have distinct proteomic profiles and
phenotypic changes when compared with hyperangiogenic
endothelial cells with impaired angiogenesis and dilation (41).
SPARC promotes apoptosis of neurovascular cells, including
astrocytes, and is implicated in the pathogenesis of neurovascular
rupture-focused diseases (41). Furthermore, SPARC was confirmed
to be extremely important in promoting vascular endothelial cell
proliferation, motility, and capillary−like tube formation, as well as
reducing apoptosis (42). Therefore, this finding broadly supports
the findings of other studies in this field, which have linked SPARC
with cell apoptosis, cell viability, and tube formation in DR.

In HG-induced retinal pigment epithelium in a dose-
dependent manner, HG promoted reactive oxygen species
(ROS) production and apoptosis and inhibited autophagy and
proliferation, while low glucose induced ROS production and
autophagy but had little effect on apoptosis and proliferation
(43). Consistent with the literature, this research found that
participants who reported using HG-induced retinal pigment
epithelium played an important role in the development of DR.
In addition, previous studies showed that HG-induced HRCEC
inhibition of cell viability, migration, angiogenesis, and cell
adhesion was reversed by inhibition of SPARC expression (44).
In our studies, we found that HG-induced apoptosis can be
reversed by ablation of SPARC.

We also use bioinformatic tools to analyze the key genes in DR
as we previously described (45). These results revealed that SPARC
is markedly associated with STAB1, VEGFR, ILK, and FN1. In-
depth transcriptomic analysis of the human retina reveals
molecular mechanisms such as SPARC underlying diabetic
retinopathy (46). It is important to consider the possibility of
bias in these responses from verified bioinformatic analysis.
CONCLUSION

Overall, our study indicates that SPARC mediates the expression of
ITGB1, which plays an important role in regulating cell apoptosis,
Frontiers in Endocrinology | www.frontiersin.org 12141
cell viability, and tube formation in vitro experiments. The results of
this study will help in understanding the pathogenesis of DR, the
development of effective drugs, and the development of a more
comprehensive and effective strategy for the prevention and
treatment of DR.
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Retinopathy is one of the most devastating complications of diabetes, which a patient
fears the most. Hyperglycemic environment results in many structural, functional,
molecular and biochemical abnormalities in the retina, and overproduction of
mitochondrial superoxide, induced by hyperglycemic milieu, is considered to play a
central role in the development of diabetic retinopathy. Expression of many genes
associated with maintaining mitochondrial homeostasis is also altered. Recent research
has shown that several long noncoding RNAs, RNAs with more than 200 nucleotides but
without any reading frames, are aberrantly expressed in diabetes, and altered expression
of these long noncoding RNAs is now being implicated in the development of diabetes
and its complications including retinopathy. This review focuses the role of long noncoding
RNAs in the development of diabetic retinopathy, with a special emphasis on the
maintenance of mitochondrial homeostasis.

Keywords: Diabetic retinopathy, long noncoding RNAs, mitochondria, epigenetics, diabetes
INTRODUCTION

Incidence of diabetes is increasing at an alarming rate around the world; 151 million people had
diabetes in 2000, this number is now 463 million adults, and is expected to pass 780 million by 2045
(1). Diabetes accounts for 6.7 million deaths in 2021-one death every 5 seconds, and this devastating
disease does not know any social, economic or ethnic boundaries. Elevated blood glucose in the
circulation, either due to impaired insulin production or resistance to properly use it, results in
damaging small and large blood vessel in the body, resulting in many micro- and macro-vascular
complications including nephropathy (kidney), neuropathy (nerve), retinopathy (retina, back of the
eye) and cardiomyopathy (heart) (2). Over time, chronic high blood glucose affects almost every
organ in the body, one in three adults with diabetes present chronic kidney disease, one in two
peripheral nerve abnormalities and over 80% patients show some signs of retinopathy (3). Thus,
diabetes is a whole-body chronic disease, and is commonly called as a ‘disease of its complications’.
LONG NONCODING RNAs

Technological development in transcriptome-wide sequencing has now documented that although
majority of the mammalian genome is actively transcribed into RNA, only 2-3% is further translated
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into protein (4). Thus, most of the DNA does not code for the
proteins, and this ‘non-coding DNA’ has a heterogeneous group
of noncoding RNAs including transfer RNA, circular RNA,
micro RNA (miRNA, less than 20 base pairs) and long
noncoding RNA (LncRNAs, more than 200 base pairs)
(Figure 1). The exact number of non-coding RNAs in the
human genome is still not clear, but recent transcriptomic/
bioinformatic studies have put their numbers in the tens of
thousands (5). These noncoding RNAs, however, are not totally
unfunctional, they can be alternatively spliced and/or processed
into smaller products, and may have a hidden layer of internal
signals (especially those derived from introns) that could control
transcription, chromatin architecture etc. Noncoding RNAs are
implicated in numerous cellular processes including cell cycle
and metabolism (6–8). Thus far more than 2000 miRNAs and
30,000 LncRNAs have been discovered in humans, and these
noncoding RNAs are responsible for regulating one third of the
genes in the genome (9, 10). Although both miRNAs and
LncRNAs RNAs are transcribed by RNAs polymerase II,
miRNAs are better conserved than LncRNAs, and while
miRNAs regulate mRNA at transcriptional and post-
transcriptional levels, LncRNAs can remodel chromatin and
genomic imprinting and regulate gene expression through
sequence complementarity with RNAs or DNAs (11, 12).
LncRNAs have four-fold higher tissue specificity compared to
miRNAs (13, 14). LncRNAs are mRNA-like transcripts, but they
do not possess any stable open reading frames, and compared to
mRNAs, expression levels of LncRNAs are typically lower (14).
Furthermore, while mRNAs have to be translated into proteins
for carrying out specific cellular functions, LncRNAs are the
functional unit and can function in different subcellular
compartments based on local molecular interactions, and
stronger tissue-specificity (15).

Based on their genomic location, LncRNAs are classified into
various subclasses, ‘intergenic LncRNAs’ located between two
protein coding-genes without intersecting with any protein-
coding genes, ‘intronic LncRNAs’ transcribed from intronic
region of a protein coding-gene and overlap with protein-
coding genes, ‘antisense LncRNAs ’ transcribed from
Frontiers in Endocrinology | www.frontiersin.org 2145
complementary strand of either protein coding or non-protein
coding genes, ‘bidirectional LncRNA’ initiating in a divergent
fashion from a promoter of protein-coding gene, and ‘enhancer
LncRNA’ synthesized at the enhancers (Figure 2). LncRNAs act
as a guide via interacting with the modifying complexes or
transcription factors, directing them to specific genes or loci,
or they may function as a scaffold by binding its multiple effector
partners at the same time with proteins. LncRNAs also act as
‘decoy’ by binding to the transcription factors or miRNAs,
repressing gene expression, or as an ‘enhancer’ by changing
chromatin architecture to recruit transcription factors and
promote transcription (16). They bind to DNA or RNA in a
sequence-specific manner, or can act as sponges for miRNAs or
as scaffolds to provide stability, and facilitate transcription factor
binding (7, 17, 18). Thus, LncRNAs are capable of interacting
with RNA and DNA.

LncRNAs are mainly encoded by nuclear genome and are
overall more numerous in the nucleus, a significant number is also
present in the cytoplasm, where they are more stable than their
nuclear counterparts (19–21). LncRNAs modulate chromatin
interactions in the nucleus, and generally help in signal
transduction and posttranscriptional control of gene expression
in the cytoplasm (22). In addition to nuclear genome, ~15% of the
human mitochondrial transcriptome is made of noncoding RNAs,
including three LncRNAs- LncRNA ND5, LncRNA ND6 and
LncRNA CytB. Mitochondrial LncRNAs are located in the
regions of the mtDNA complementary to the genes that encode
FIGURE 1 | Human genome has less than 3% RNAs that can code for
proteins, and over 80% of RNAs are noncoding. Depending on the length of
their transcripts, noncoding RNAs are classified as ‘small’ and ‘long’
noncoding RNAs. While small noncoding RNAs have less than 200
nucleotides, long noncoding RNAs have over 200 nucleotides.
FIGURE 2 | Long noncoding RNAs may have different genomic locations;
between two protein coding genes ‘Intergenic’, or located within an intron
of a coding gene ‘Intronic’, or overlap with one or more introns and exons
of a different transcript on the same or opposite strand, respectively
‘Antisense’, or be within 100 kb of a coding transcript of the opposite
strand ‘Bidirectional’, or present in the enhancer regions close to the
promoter ‘Enhancer’.
June 2022 | Volume 13 | Article 915031

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Kowluru Long Noncoding RNAs and Diabetic Retinopathy
for ND5, ND6 of complex I and cytochrome B of complex
III respectively, and these mitochondrial genome encoded
LncRNAs primarily form intermolecular duplexes with their
respective complementary mRNAs (23, 24). However, these
mitochondrial genome-encoded LncRNAs are not restricted to
the mitochondria, instead, they can operate in the nucleus (24).
Nuclear genome-encoded LncRNAs can also move from the
nucleus to the mitochondria and the mitochondrial genome-
encoded LncRNAs can be aberrantly transported to the nucleus,
and this aberrant shuttling of crosstalk of LncRNAs is associated
with abnormalities in energy metabolism (25). Accumulating
research indicates that LncRNAs play important roles in diverse
biological processes, and are identified as key regulators in
pathological processes in a range of diseases including cancer,
diabetes and Alzheimer (26–29), and their role in diabetic macro-
and microvascular complications is an emerging area of
research (30).
DIABETIC RETINOPATHY

High circulating glucose leads to increased risk of many eye
problems, including increase in intraocular pressure and damage
to the lens and the retina. Damage to the ret inal
microvasculature, commonly known as diabetic retinopathy, is
the leading cause of acquired blindness in the working age adults
in developing countries. In the initial stages of this progressing
disease, patients may be asymptomatic, but their retinal
microvasculature begins to become fragile, and as the duration
of diabetes increases, retinopathy also progresses and the
damaged retinal vasculature begins to leak. With time, lack of
oxygen in the microvasculature leads to neovascularization, and
ultimately, to vision loss (31, 32). Early diagnosis and treatment
options of diabetic retinopathy, however, are limited, and it is
critical to identify effective methods of its diagnosis and
therapeutic targets to retard progression of this sight-
threatening disease. In the first five years of diabetes,
retinopathy is rare in type 1 diabetic patients, but after 20
years of diabetes, over 80% of patients develop retinopathy. In
type 2 diabetic patients, 21% of patients present early signs of
retinopathy at the time of their diagnosis of diabetes, and as with
type 1 diabetic patients, most type 2 diabetic patients also
develop some degree of retinopathy over time. In 2020, over
100 million diabetic adults had retinopathy, and among those,
28.5 million had vision-threatening retinopathy, and with
increase in the incidence of diabetes, these numbers are
expected to increase to over 160 million and 45 million,
respectively in 2045 (33). Although pathological evidence is
mainly seen in the retinal microvasculature, research has
shown that nonvascular cells of the retina are also affected;
they experience functional and structural alterations including
retinal ganglion cell apoptosis, loss of contrast sensitivity and
alterations in the electroretinogram (34, 35). Normal cell-cell
interactions are also affected leading to the blood-retinal barrier
breakdown and neuronal cell dysfunction (6, 36). In addition,
Optical Coherence Tomography has also shown ganglion cell
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loss in the retina of diabetic patients with or without retinopathy,
however, diabetic patients with moderate or severe retinopathy
show more thinning of their ganglion cell-inner plexiform layers
compared to patients without any retinopathy (37).

Impaired Mitochondrial Homeostasis
Diabetic retinopathy is a multifactorial disease with a complex
etiology, and increase in oxidative stress-mitochondrial damage
is considered to play a major role in the development of this
blinding disease (2, 38–42). Retina is rich in polyunsaturated
fatty acids and has a high oxygen uptake (43), making it a good
target of increased oxidative stress in diabetes. In diabetes,
increased cytosolic ROS, generated by activation of Ras-related
C3 botulinum toxin substrate 1 (Rac1)-NADPH oxidase 2
(Nox2)-activation of gelatinase matrix metalloproteinases in
diabetes damage mitochondria in retinal capillaries (44, 45). In
addition, due to high circulating glucose, electron flux through
the electron transport chain system is increased, and the complex
III becomes dysfunctional, resulting in increased accumulation
of ROS (40, 46). Mitochondrial structural and functional stability
is impaired including increased production of superoxide
radicals and damage to their membrane potential. Cytochrome
C leaks out from the mitochondria in the cytosol, which
accelerates capillary cell apoptosis, a phenomenon which is
followed by the histopathology characteristic of retinopathy
(38, 41, 47, 48). Mitochondria have their own DNA (mtDNA),
which encodes genes for 13 proteins that are essential for the
electron transport chain functioning; diabetes damages mtDNA
and reduces the gene transcripts of mitochondrial genome-
encoded ND1 and ND6 of complex I, and cytochrome B of
complex III are reduced. In addition, mitochondrial dynamics
is imbalanced, while fusion is decreased, fission is increased, and
the removal of damaged mitochondria in impaired. Impairment
in mitochondrial homeostasis in diabetes is further exacerbated
by the suboptimal biogenesis of mtDNA (47, 49–52). Thus,
instability in mitochondrial structure, function and genome
plays a central role in the development of diabetic retinopathy.

Aldose reductase, an enzyme with a high ‘Km’ for glucose,
using NADPH as a cofactor, converts glucose to sorbitol. This
reduces availability of NADPH for glutathione biosynthesis,
increasing oxidative stress. In diabetes, polyol pathway is
activated in the retina and its capillary cells (53, 54). Diabetes
increases non-enzymatic glycation of amino acids in proteins,
lipids and nucleic acids, and this ultimately leads to advanced
glycation end products (AGEs) (55); retinal capillaries have
increased AGEs and their receptors (RAGEs), and AGEs-
RAGEs are implicated in increased inflammation and capillary
cell loss in diabetic retinopathy (56). Diacyl glycerol-protein
kinase C cascade is also activated by high glucose, and protein
kinase C activation in retinal vasculature is associated with
increased vascular permeability, alterations in blood flow and
stimulation of neovascularization seen in diabetic retinopathy
(57). Furthermore, activation of protein kinase C, polyol pathway
and increased AGEs accumulation can also increase oxidative
stress, and can also be initiated by hyperglycemia-induced
overproduction of mitochondrial superoxide, further
strengthening the role of mitochondrial damage in diabetic
June 2022 | Volume 13 | Article 915031

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Kowluru Long Noncoding RNAs and Diabetic Retinopathy
retinopathy (40, 58). In addition, many inflammatory markers
including cytokines and leukostasis, are also elevated in diabetic
retinopathy (59), and retinal glial cells, the cells that are between
vasculature and neurons of the retina, also initiate the
inflammatory cascade (60).

Hyperglycemia is the main instigator, but systemic factors,
such as high blood pressure, cholesterol and smoking are also
closely associated with the development and progression
of diabetic retinopathy (61), and also in the exacerbated and
accelerated mitochondrial damage (62). However, multifactorial
nature and complex etiology of diabetic retinopathy makes it
difficult to identify a link between any specific metabolic
abnormality and the development of this progressive
blinding disease.

Genetics and Diabetic Retinopathy
Genetic factors appear to play some role in diabetic retinopathy,
but the exact role of genetic contribution in the development/
progression of diabetic retinopathy has remained unclear.
Significant association between the variations in the polyol
pathway gene encoding aldo-keto reductase family 1-member
B1, AKR1B1gene, has been documented by a meta-analysis (63).
Type 2 diabetic patients in Pakistan with Pro12Ala
polymorphism are at a reduced risk of developing diabetic
retinopathy (64). Jackson Heart Study has shown an
association between P-selectin and diabetic retinopathy (65).
Another genome-wide association study (GWAS) has shown
association with a zinc finger protein associated with
transcriptional regulation, ZNF600. Polymorphisms at the
regulatory regions of some of the genes including VEGF and
endothelial nitric oxide synthase and paraoxonase1, have been
considered as risk alleles for the susceptibility or progression of
diabetic retinopathy (66). Genotyping of single nucleotide
polymorphism has identified new loci on chromosome 6
associated with diabetic retinopathy, but none of the variants
have shown any statistical significance (67). A recent GWAS
meta-analyses of type 2 diabetic patients have shown enrichment
of variants in the genes involved lipid catabolism and transport,
oxidative stress and cell degeneration pathways and the risk of
diabetic retinopathy (68). In addition, an association for the z-2
microsatellite and rs759853 on aldo-keto reductase family 1
member B, and some evidence for polymorphisms in VEGF,
intercellular adhesion molecule 1 genes have also been
documented by systemic meta-analyses, but a follow up of the
analysis has not reported any loci after adjustment for multiple
(69). A study of cohort from China with proliferative diabetic
retinopathy has identified INSR gene as a possible susceptibility
candidate for severe diabetic retinopathy, but this study is
underpowered (70). Siblings of affected individuals has been
shown to have three-fold higher risk of severe diabetic
retinopathy, but diabetic patients with similar risk factors do
not show the same range in the severity of retinopathy, when
evaluated by Early Treatment Diabetic Retinopathy Study
Grading System (71). Thus, despite recent technological
advancement in the genetic field, multifactorial pathogenesis of
this blinding disease has made it difficult to identify definite
genetic associations. In addition, variations in the severity of
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hyperglycemia and other systemic factors such as hyperlipidemia
and blood pressure in the diabetic population have further
compounded the problem.
EPIGENETICS MODIFICATIONS

Gene function is expressed in the form of protein, and changes in
the DNA sequence can alter how it is transcribed into RNA,
which eventually is coded for a particular protein. The expression
of a gene is also affected by external factors, such as environment
and lifestyle, and these ‘epigenetic’ changes can turn a gene ‘on’
and ‘off’ without altering the DNA sequence. Although
epigenetic processes are essential to many organism functions,
their up- or down-regulation can have major adverse health and
behavioral effects; they are now implicated in many diseases
including cancer, cardiovascular diseases and diabetes and its
complications. Some of the major epigenetic modifications
include methylation of cytosine (DNA methylation),
methylation and acetylation of histones and noncoding RNAs
(72). Methylation of the 5′ position of the cytosine forms 5-
methyl cytosine (5mC), and this process is facilitated by DNA
methyl transferases (Dnmts) and condenses the chromatin, both
genomic DNA and mitochondrial DNA undergo methylation.
However, dioxygenases-ten-eleven translocation (Tets) can
rapid ly convert 5mC to hydroxymethyla ted to 5-
hydroxymethyl cytosine (5hmC), resulting in transcriptional
activation (73–75). Lysine in the histone proteins can be
acetylated, relaxing the chromatin structure to allow
transcription factors binding, and this is modulated by a
balance between acetyl transferring and removing enzymes,
histone acetyltransferases and histone deacetylases, respectively
(76–78). Lysine or arginine residues in a histone can also be
modified by the addition of one, two, or three methyl groups, and
methylation status of histones is also maintained by opposing
enzymes, addition of methyl group by histone methyltransferases
and removal of methyl group by demethylases. Unlike histone
acetylation, gene repression or activation is determined by the
site of methylation and the number of methyl groups (79, 80).
Moreover, epigenetics modifications have potential to modify the
gene expression independently, or one modification can lead to
the other, to ultimately regulate gene expression (75, 81).
Noncoding RNAs may not be the main epigenetic
components, but they can also regulate gene expression
without altering the DNA sequence.

Epigenetics Modifications and
Mitochondrial Damage
The role of epigenetic modifications in many chronic diseases,
such as cancer and Alzheimer disease, is being investigated for
several years, and their role in diabetes and its complications is
now emerging (82–85). In diabetes, Dnmts and Tets are activated
in the retina and its vasculature, and dynamic DNAmethylation-
hydroxymethylation at the promoters of Rac1 and matrix
metalloproteinase 9 is associated with their activation and
mitochondrial damage. Furthermore, DNA at the promoter of
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polymerase gamma, a gene associated with mtDNA biogenesis,
and at MutLH1 (associated with mtDNA damage repair) is
hypermethylated, further damaging the mitochondria.
Mitochondrial DNA itself is also hypermethylated in diabetes,
which impairs its transcription resulting in a compromised
electron transport chain system (41, 86, 87). Thus, epigenetics
plays a vital role in maintaining mitochondrial homeostasis in
diabetic retinopathy.

LncRNAs are now considered as a new class of epigenetic
regulators because they can regulate epigenetic modification by
modulating histone or DNA modifications, and can also act as a
scaffold that interacts with epigenetic enzymes or methylation
and acetylation complexes. LncRNAs can regulate histone
methylation and acetylation simultaneously, subsequently
regulating the gene expression (88). Thus, LncRNAs can
epigenetically modify the expression of a gene without altering
its DNA sequence.
LONG NONCODING RNAs AND
DIABETIC RETINOPATHY

Leading scientists in the field have reviewed how LncRNAs play a
role in the development of diabetic retinopathy, focusing mainly
on inflammation and angiogenesis, but the field is still in its
infancy. Many laboratories are now focusing on identifying
LncRNAs associated with various metabolic and functional
abnormalities implicated in the development of diabetic
retinopathy (89–94). LncRNA profiling performed in the retina
of streptozotocin-induced diabetic mice has shown over
300 LncRNAs that are aberrantly expressed at two months of
diabetes, with 214 showing downregulation and 89 upregulation
(95), and profiling in the fibrovascular membranes of patients
with diabetic retinopathy have identified 427 differentially
expressed LncRNAs, 263 upregulated and 164 downregulated
(96). Both of these profiling studies have identified differentially
expressed LncRNAs that are enriched in inflammatory
and angiogenic pathways including Metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1), Hypoxia-inducible
factor 1 HIF-1 and tumor necrosis factor alpha.

In diabetic retinopathy, LncMALAT1, which is one of the most
highly expressed and conserved LncRNAs, is upregulated in the in
vivo and in vitro models, and also in the circulation of the patients
with diabetic retinopathy (97). Aqueous humor and fibrovascular
membranes of diabetic patients also have increased LncMALAT1
(95). Inhibition of LncMALAT1 protects retinal photoreceptors, and
alleviate diabetic neurodegeneration (98). Although LncMALAT1 is
implicated in normal physiologic functions such as vascular growth
(99), its elevation in diabetes is shown to act both as pro-
inflammatory and apoptotic (100–102). MALAT1 sequence has
NF-kB transcription factor binding sites, and NF-kB is intimately
associated with the induction of proinflammatory cytokines; in
diabetic retinopathy, NF-kB is activated andmany proinflammatory
cytokines are upregulated (59, 103). Upregulation of cytokines is
shown to play a major role in the development of diabetic
retinopathy; in fact, diabetic retinopathy is also considered as a
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low grade chronic inflammatory disease. In experimental models of
diabetic retinopathy, LncMALAT1 expression is augmented by
hypoxia contributing to the proliferative response in endothelial
cells (104). In retinal endothelial cells LncMALAT1 inhibition
ameliorates cell migration-angiogenesis, neurodegeneration and
monocyte chemotactic protein-1, and also prevents inactivation of
the master transcription factor, nuclear factor erythroid 2-related
factor, Nrf2 (91, 98, 105). Our recent studies have documented an
antioxidant defense role of LncMALAT1 in diabetic retinopathy; via
affecting the interactions of nuclear factor erythroid 2-related factor
2 (Nrf2) and its intracellular inhibitor Kelch-like ECH-associated
protein 1, LncMALAT1 upregulation suppresses transcriptional
activity of Nrf2, and this impairs the transcription of antioxidant
defense genes, such as heme oxygenase 1 and superoxide dismutase
(91). Inhibition of LncRNA MALAT1 alleviates diabetes-induced
neurodegeneration (98). LncRNA, antisense RNA to INK4 locus
(LncANRIL) with binding sites for NF-kB, is also upregulated in
diabetes, and is implicated tube formation-proliferation in
endothelial cells via regulation of VEGF expression (106).
Another LncRNA Myocardial infarction associated transcript
(LncMIAT), is also regulated by NF-kB; high glucose increases the
NF-kB and MIAT binding, further regulating inflammatory
cytokines and apoptosis (107). LncRNA maternally expressed
gene 3 (LncMEG3), which increases endoplasmic reticulum stress
and inhibits cell proliferation (108), is considered to negatively
correlate with VEGF, and in patients with diabetic retinopathy,
while the serum levels of VEGF are upregulated, LncMEG3 are
downregulated (109). Another LncRNA HOX antisense intergenic
RNA (LncHOTAIR) is upregulated in the vitreous of diabetic
retinopathy patients and in retinal endothelial cells by high
glucose, and its inhibition is shown to prevent increase in retinal
vascular permeability and VEGF in diabetic rodents (110). Thus, the
role of LncRNAs in inflammation, oxidative stress and angiogenesis
is now at the forefront of ongoing research.
LONG NONCODING RNAs AND
MITOCHONDRIAL HOMEOSTASIS IN
DIABETIC RETINOPATHY

Mitochondrial dysfunction plays a critical role in many diabetic
complications, and as mentioned above, in diabetic retinopathy
damaged mitochondria accelerate apoptosis of capillary cells,
which precedes the development of histopathology (48, 111).
Retinal mitochondrial homeostasis is impaired, they become
swollen and their damaged membranes leak cytochrome C in
the cytosol, superoxide levels are elevated, mitochondrial
dynamics are di s turbed , mtDNA is damaged and
mitochondrial genome-encoded genes including cytochrome B
is downregulated, and the complex III of the electron transport
chain is inhibited (41, 47). LncRNAs, whether encoded by
mitochondria or nuclear genome, are also implicated in
mitochondrial homeostasis, nuclear genome encoded
LncMALAT1 is translocated in the mitochondria of hepatoma
cells, where it is shown to regulate mitochondrial apoptosis and
mitophagy (25), and LncMEG3, via mitochondrial pathway, is
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shown to induce renal cell carcinoma apoptosis (112). Mice with
MALAT1 knocked out have lower levels of ROS and protein
carbonylation in hepatocyte and islets (113). Furthermore,
LncMALAT1 is also shown to interact with multiple loci on
the mtDNA in hepatoma cells (114). In addition, LncHOTAIR
induces mitochondria-mediated apoptosis in head and neck
squamous cell carcinoma via Bcl-2-BAX-Caspase-3 pathway
(115), and cardiac apoptosis-related LncRNA (LncCARL)
suppresses mitochondrial fission (116). In diabetic
nephropathy, nuclear genome encoded LncRNA taurine-
upregulated gene 1 is shown to modulate mitochondrial
biogenesis by directly interacting with PGC1a (117), and
depletion of Nuclear Enriched Abundant Transcript
1 (LncNEAT1) is shown to alter mitochondrial dynamics
(118). This clearly shows that many nuclear genome-encoded
LncRNAs have potential to regulate mitochondrial function.

Focusing on diabetic retinopathy, our recent work has suggested
a role of nuclear genome encoded LncMALAT1 and LncNEAT1 in
regulation of mitochondrial functions, we have demonstrated that
high glucose increases their mitochondrial localization in retinal
endothelial cells, and siRNA of LncMALAT1 or LncNEAT1
prevents increase in ROS and alterations in mitochondrial
membrane potential. As mentioned earlier, diabetes damages
retinal mtDNA and impairs the transcription of mitochondrial
genome-encoded genes, important for the functioning of the
electron transport chain, which results in a vicious cycle of free
radicals (41, 42, 119). LncMALAT1 is shown to interact with
multiple loci on mtDNA in hepatoma cells (114), and regulation
of LncMALAT1 or LncNEAT1 by their respective siRNAs in retinal
endothelial cells, prevents glucose-induced mtDNA damage and
decrease in its transcription (93). Although mtDNA does not
contain histones, it has nucleoprotein complexes, the nucleoids,
and these nucleoids provide a stable environment for replication
and repair of mtDNA (120). In addition, nucleoids also help in
controlling mitochondrial metabolism in response to cellular
demands (121, 122). Regulation of LncMALAT1 or LncNEAT1
also protects glucose-induced decrease in mtDNA nucleoids in
retinal endothelial cells, suggesting a close cross-talk between
nuclear genome-encoded LncRNAs and mitochondrial stability
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via their role(s) in increasing the vulnerability of the histone-free
mtDNA in hyperglycemic milieu (Figure 3).

As reported above, mtDNA itself also encodes three LncRNAs,
two of them transcribed from its L strand, and one from the H
strand, the regions of the mitochondrial genome that are
complementary to the genes that encode ND5, cytochrome B and
ND6 mRNAs (23, 24). LncND5, LncND6 and LncCytB are 58, 34
and 14% as abundant as their complementary coding ND5, ND6,
and cytochrome B mRNAs, and these LncRNAs primarily form
intermolecular duplexes with their respective complementary
mRNAs, suggesting their functional role in either stabilizing or
regulating their partner mRNAs (23, 24). Their role in metabolism/
diseases, however, is still unclear. Our recent work (unpublished)
has demonstrated decreased expression of LnCytB in retinal
endothelial cells in high glucose conditions, and shown its role in
protecting mtDNA vulnerability to nuclease damage and
cytochrome B expression; overexpression of LnCytB ameliorates
glucose-induced increase in mtDNA damage, decrease in
mitochondrial genome-encoded nucleoids and decrease in
cytochrome B expression. These studies have suggested that
downregulation of LncCytB in the mitochondria in
hyperglycemic milieu reduces the protective nucleoids, which
makes mtDNA more susceptible to the damage. The damaged
mtDNA compromises the electron transport chain and the vicious
cycle of free radicals continues to self-propagate, thus implying an
important role of this mitochondrial genome-encoded LncRNA in
mitochondrial homeostasis in diabetic retinopathy. Although our
initial results show significant decrease in LncCytB, we do not see
any significant decrease in the other two mitochondrial genome-
encoded LncRNAs-LncND5 or LncND6 in either in vitro or in vivo
models of diabetic retinopathy. Despite significantly lower
abundance of LncCytB is significantly lower compared to the
other two mitochondrial genome-encoded LncRNAs, complex III
is considered to play a major role in superoxide generation in
diabetic retinopathy, and the activity of complex III, but not
complex I, is downregulated (2, 38, 40)

As described above, nuclear genome-encoded LncRNAs can
move inside the mitochondria and regulate mitochondrial
homeostasis, and aberrant transport of mitochondrial genome-
FIGURE 3 | Hyperglycemic environment damages mitochondria and also elevates levels of various nuclear genome encoded LncRNAs including LncMALAT1 and
LncNEAT1. These LncRNAs, in addition to affecting metabolic abnormalities associated with diabetic retinopathy including inflammation, also move inside the
mitochondria, and damage mitochondrial structural, functional and genomic stability. Furthermore, possible decrease in the mitochondrial genome encoded LncCytB
further damages the mitochondria, and the damaged mitochondria accelerates apoptosis, ultimately, resulting in the development of diabetic retinopathy.
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encoded LncCytB in the nucleus of hepatoma HepG2 cells as
compared with normal hepatic HL7702 cells suggests that the
aberrant shuttling of LncRNAs in mitochondria-nucleus
crosstalk could be important for abnormal energy metabolism
in malignant cells (25). Weather mitochondrial genome-encoded
LncRNAs also translocate outside the mitochondria in diabetic
retinopathy needs investigation.

The focus of this review thus far has been on how LncRNAs
can directly affect mitochondrial homeostasis in diabetic
retinopathy, but many epigenetic modifications including
histone modifications and methylation of DNA of many genes
associated with mitochondrial metabolism and mitochondrial
DNA itself, also affect mitochondrial stability (47, 87). Long
noncoding RNAs are considered to play a significant role in
regulating histone modifications and DNA methylation, for
example, LncHOTAIR is shown to interact with the histone
modifying polycomb repressive complex II and histone
demethylase 1 (LSD1) (18). In diabetic retinopathy, LSD1 is
activated, and its recruitment at the promoter of mitochondrial
damaging matrix metalloproteinase-9 is increased. Silencing of
LSD1 prevents hyperglycemia-induced damage to mitochondrial
structure and function in retinal endothelial cells, suggesting an
important role of this enzyme in mitochondrial homeostasis in
diabetic retinopathy (123). Furthermore, in hyperglycemic milieu,
MALAT1 silencing directly reduces Enhancer of Zeste homolog 2
(Ezh2), an enzyme which catalyzes dimethylation/trimethylation
of histone 3 lysine 27 (90), and Ezh2 activation in diabetes helps
recruit DNA methylation enzymes at the promoter of matrix
metalloproteinase-9, activating its transcription (124). Also, role of
LncRNAs in regulating methylation of mtDNA or DNA at the
promoters of other genes important genes associated with
mitochondrial homeostasis needs further investigation.
LncRNAs can also act as microRNA sponges, and in retinal
pigment epithelium cells exposed to high glucose, upregulation
of miR-34a is reversed by upregulation of MEG3 and Sirtuin 1
(125); overexpression of Sirtuin1 prevents mitochondrial damage
and the development of retinopathy in diabetic mice (126).
LncMALAT1, via targeting mi125b, inhibits glucose-induced
angiogenesis in retinal endothelial cells (127). As the list of
miRNAs implicated in the development of diabetic retinopathy
grows, their interactions with LncRNAs in diabetic retinopathy is
an open area that would need further attention.
LONG NONCODING RNAs
AS BIOMARKERS AND
THERAPEUTIC OPTIONS

Recent technical advances have allowed the LncRNA field to make
great progress, the list of LncRNAs and their potential association
with diseases is expanding rapidly, and their relatively stable nature
in the body fluids, ease of obtaining body fluids and detecting them
using commonly used molecular biology techniques makes them
attractive biomarker candidates (128, 129). The results of a meta-
analysis using data from over 1400 patients have shown that
LncRNAs can serve as promising diagnostic biomarkers (130).
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For example, higher levels of LncRNA LIPCAR are associated with a
higher risk of cardiovascular mortality (131), and LncRNA
NONHSAT112178 can be a possible predictive biomarkers for
coronary artery disease (132), LncHOTAIR is highly expressed in
saliva samples of oral squamous cells from carcinoma patients,
making it a strong candidate for metastatic oral cancer diagnosis
(133), and LncMALAT1 is elevated in plasma and urine of prostate
cancer patients (134). In diabetic retinopathy, LncHOTAIR and
LncMALAT1 have shown some discrimination between patients
with nonproliferative and proliferative retinopathy (135) and
plasma and aqueous humor levels of LncRNA small nucleolar
RNA host gene 5 are negatively correlated with the development
of diabetic macular edema (136). A recent study has shown a strong
correlation between the differential expressions of nine LncRNAs
including LncANRIL, LncHOTAIR and LncMIAT, in the vitreous
and serum samples of patients with or without diabetic retinopathy;
these promising results suggest the possible use of serum LncRNAs
as a potential biomarker of diabetic retinopathy, however, their
validation in a larger cohort is needed (137). Thus, many LncRNA
are now being implicated in regulating various pathways associated
with the development of diabetic retinopathy, and future research
and technical advancements may show us their role as biomarker or
therapeutic target for its development, and/or its progression.

Like any new technology, LncRNA field also faces some
challenges- the transcriptome studies suggest that ~80% of the
genome is transcribed into RNA (138), but it is not clear how
many of those LncRNAs are functional and what concentration of
that LncRNA is required to achieve their biological effect. Also,
LncRNAs can affect gene expression via many different
mechanisms, it is difficult to predict how many different
mechanisms one single LncRNA might use to control
expression of a gene in a given disease. Fortunately, technical
advances in genome editing and in surveying LncRNA molecular
mechanisms have significantly advanced our ability to definitively
characterize function of LncRNAs, making these molecules
attractive targets for therapeutic intervention for diabetic
retinopathy. LncRNAs in the mitochondria are also being
investigated as potential blood-based biomarkers for cardiac
remodeling in patients with hypertrophic cardiomyopathy
(139), and with additional research in the field and technical
advancements, their use in maintaining mitochondrial
homeostasis in diabetic retinopathy is very optimistic, which will
give diabetic patients hope of not losing their vision.
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Objective: A meta-analysis is used to explore the relationship of sleep quality and
duration with the risk of diabetic retinopathy (DR).

Method: Cochrane Library, PubMed, Embase, and other databases are searched from
their establishment to April 2022. Literature on the relationship of sleep quality and
duration with DR risk published in various databases is collected, and two researchers
independently screen the literature, extract data, and evaluate the quality of the included
articles. The meta-analysis is performed with Review Manage 5.4.1 software.

Results: A total of 7 articles are selected, including 4,626 subjects. The results show a
strong correlation between sleep quality and DR risk. When comparing the sleep quality
scores of “DR” (experimental group) and “NO DR” (control group), the Pittsburgh sleep
quality index(PSQI) score of the DR group is significantly higher than that of the NO DR
group (MD = 2.85; 95% confidence interval [CI] 1.92, 3.78, P<0.001), while the ESS score
of the DR group is also significantly higher than that of the NO DR group (MD = 1.17; 95%
confidence interval [CI] 0.14 to 2.30, P=0.04), so the sleep quality score of the DR group is
higher than that of the NO DR group in both the PSQI and ESS scores, which confirms
that low sleep quality is a risk factor for DR. Long sleep duration is also associated with the
risk of developing DR; the number of adverse events (DR prevalence) is higher for “long
sleep duration” than “normal sleep duration” [OR = 1.83, 95%CI 1.36–2.47, P < 0.001],
suggesting that long sleep duration can cause increased DR risk. Short sleep duration is
also associated with the occurrence of DR [OR = 1.49, 95%CI 1.15–1.94), P = 0.003] and
can increase DR risk.
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Conclusion: Sleep quality and duration (including long and short sleep duration) are
significantly associated with DR. To reduce DR risk, sleep intervention should be actively
carried out, lifestyle changes should be made, and attention should be paid to the role of
DR management.
Keywords: Pittsburgh sleep quality index, Epworth sleepiness scale, meta-analysis, diabetic retinopathy, sleep
duration, sleep quality
Diabetes mellitus is one of the most common and frequently-
occurring diseases in the world, and its rapidly rising prevalence
has become a global public health problem. According to the
International Diabetes Federation (1), there will be 700 million
diabetes patients worldwide by 2045. Diabetic retinopathy (DR)
is a serious complication of diabetes which may be caused by
preventable insomnia in working-age people (2). Every year in
the United States alone, 12,000 to 24,000 patients are blinded by
DR (3), placing a heavy burden on individuals and society. Its
incidence is related to the course of diabetes, age of onset, genetic
factors, and control, and the longer the course of the disease, the
higher the incidence. Most patients develop DR 10 to 15 years
after the diagnosis of diabetes (4). Early intervention can
effectively prevent the occurrence and development of DR,
among which lifestyle intervention is the most cost-effective
measure (5). Sleep disturbances have been found to be
associated with abnormal glucose metabolism and an increased
risk of diabetes (6). Sleep disturbances may be due to decreased
sleep duration and/or decreased sleep quality (7). At present, the
amount of clinical literature on the relationship of sleep quality
and duration with DR is increasing year by year. However, there
is a lack of randomized controlled trials with large multicenter
samples, and few such evidence-based medical articles have been
published in the world. Herein, a meta-analysis of observational
studies on the relationship of sleep quality and duration with DR
risk is carried out in order to provide medical evidence for the
prevention and intervention of DR.
MATERIALS AND METHODS

Retrieval Strategy
Cochrane Library, PubMed, Embase, and other databases were
searched by computer from their establishment to April 2022.
English search terms included “sleep quality”, “sleep wake
disorders”, “sleep score”, “Pittsburgh sleep quality index”, “PSQI”,
“Epworth Sleepiness Scale”, “ESS”, “sleep time”, “sleep duration”,
“sleep amount”, and “diabetic retinopathy”.

Literature Inclusion and Exclusion Criteria
Inclusion criteria: ① The subjects of the study were diabetic
patients. ② The study was a cohort study, case-control study, or
cross-sectional study. ③ The exposure factors were sleep quality
score and sleep duration, wherein sleep quality score included
the Pittsburgh sleep quality index(PSQI) and Epworth Sleepiness
Scale (ESS) scores, and sleep duration included long sleep
duration and short sleep duration. ④ The outcome indicators
n.org 2156
included mean difference (MD), odds ratio (OR), and 95%
confidence interval (CI) after multivariate adjustment. ⑤ Based
on different reports on the same research population, the studies
with the largest sample sizes were included.

Exclusion criteria: ① Languages other than English. ② Studies
for which the effect sizes could not be extracted or calculated. ③
Studies for which the original author did not respond or could
not provide meta-analysis data.

Literature Screening, Quality Assessment,
and Data Extraction
Two researchers independently searched, selected, and screened
the literature, then checked each other’s work and provided
articles with differences to a third researcher for analysis to
decide whether they should be included. The evaluation was
performed using the “Risk of Bias Assessment” tool
recommended by the Cochrane Collaboration, which is divided
into three levels: low risk, unclear, and high risk. The contents
are: whether it is randomly assigned; whether to carry out
allocation concealment; whether to use blinding; whether the
outcome data is complete; whether the research results are
selectively reported; and whether there is any other risk of bias.
The extracted data included the first author, study area,
publication time, study type, sample size, age, PSQI, ESS, sleep
duration assessment method, sleep duration grouping, outcome
measures, and adjustment for confounders.

Data Extraction and Definitions
The sleep quality scores of the research subjects were obtained by
the PSQI and ESS questionnaires, and sleep duration was
obtained by survey visits or questionnaires. DR was diagnosed
by ophthalmologists through the analysis of fundus photos or
conducting indirect ophthalmoscopy. In the included studies,
DR included mild, moderate, severe, and any DR. The PSQI and
ESS scoring standards of the sleep quality score were fixed and
consistent, while the grouping and definition of sleep duration
were not completely consistent. Long sleep duration was defined
as > 8–9h, normal sleep duration as 6–8h, and short sleep
duration as < 5–6h, all at night and within a 24h period.

Statistical Methods
Statistical analysis was performed using Review Manage 5.4.1
software. MD and OR values were used for effect evaluation, and
95%CI was calculated. The heterogeneity of the studies was
analyzed using the I2 statistic test and Q test. When I2 < 50%
and P > 0.1, this indicated that there was no significant
heterogeneity among the studies; when I2 > 50% and P < 0.1,
June 2022 | Volume 13 | Article 922886
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this indicated that there was statistical heterogeneity among the
studies. If there was still heterogeneity, a random effect model
was used, and if there was no obvious heterogeneity, a fixed effect
model was used. Sensitivity analysis was used to judge the
stability and reliability of the combined results. P < 0.05
indicated that the difference was statistically significant.
RESULTS

Literature Screening Results
A total of 513 articles were retrieved. A total of 437 papers were
obtained after deduplication, and a total of 266 papers were
excluded by reading the titles and abstracts. After reading the full
texts, 7 papers were finally included (Figure 1), with a total of
4,626 research subjects. The study populations were from Korea,
Singapore, India, Malaysia, Thailand, and Denmark. The basic
characteristics of the articles included in the study are shown
in Table 1.

Publication Bias and Sensitivity Analysis
By drawing funnel plots (Figure 2), the distribution of each study
is shown to be basically symmetrical without any serious
Frontiers in Endocrinology | www.frontiersin.org 3157
publication bias. The included studies showed a low risk of
bias overall (Figures 3, 4). Specifically: (1) two articles used the
classification of subjects; (2) two articles did not have a clear
degree of the non-concealment of subjects; (3) none of the
articles mentioned blinding; (4) none of the articles mentioned
the outcome indicators of selective reporting, and it was unclear
whether there was any selective reporting of research results; (5)
all articles and research data were complete.

The results of the sensitivity analysis showed that for DR risk
in diabetic patients, all included studies had I2 < 50% and P > 0.1,
meaning they were all homogeneous, so a fixed effect model was
used. Among the three studies (PSQI score study, long sleep
duration study and short sleep duration study), any articles that
had no significant effect on the combined effect size of the
remaining literature were removed to confirm the stability of
the results; for the ESS score study, only two articles were
included, and the sensitivity analysis was not carried out for
two studies, so the results of the ESS score analysis were unstable.

Statistical Analysis Results
Relationship Between Sleep Quality and DR Risk
A total of three (7, 12, 13) articles reported that the PSQI score
for sleep quality revealed its relationship with DR risk. There was
FIGURE 1 | Flow diagram of literature screening.
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no homogeneity among the studies (P = 0.50, I2 = 0%), so the
fixed effect model was used. The results of the meta-analysis
showed that the PSQI score of the diabetic population in the DR
group (experimental group) was significantly higher than that in
the NO DR group (control group), and the difference was
statistically significant (MD = 2.85, 95%CI [1.92, 3.78], Z =
6.02, P < 0.00001), suggesting that the PSQI score is associated
with DR risk and is a risk factor for DR. (Figure 5). Another two
(9, 13) articles reported that the ESS score for sleep quality
revealed its relationship with DR risk. There was no homogeneity
among the studies (P = 0.55, I2 = 0%), so the fixed effect model
was also used. The results of the meta-analysis showed that the
ESS score of the diabetic population in the DR group
(experimental group) was significantly higher than that in the
Frontiers in Endocrinology | www.frontiersin.org 4158
NODR group (control group), and the difference was statistically
significant (MD = 1.17, 95%CI [0.04, 2.30], Z = 2.04, P = 0.04),
suggesting that the ESS score is associated with DR risk and is
also a risk factor for DR (Figure 6). Therefore, in both the PSQI
and ESS scores, the sleep quality score in the DR group was
higher than that in the NO DR group, confirming that sleep
quality is related to DR risk and is a risk factor for DR.

Relationship Between Sleep Duration and DR Risk
Long Sleep Duration and DR Risk
Long sleep duration and DR prevalence were included in 3
studies (8, 10, 11), and six studies provided the OR values and
95%CI of DR in diabetic patients in the long sleep duration
group and control group. There was no heterogeneity among the
FIGURE 2 | Overview of bias risk assessment of included literature.
TABLE 1 | Characteristics of the included studies.

Study Country Sample
Size

Mean age/year Exposure
assessment

Sleep
duration/h

Global score
(ESQI)

Global score
(ESS)

Outcome NOS
score

Jee (8) 2017 Korean 1670 60.3 self-report short(≦5)
Long(≧9)

Not mentioned Not mentioned Any DR 7

Chew (9) 2020 Singapore 92 57.6+-8.3 self-report short(<5) Not mentioned NO DR:4.8±2.5
DR:5.7±3.6

Moderate
DR

7

Raman (10)
2012

India 1414 M:56.9±10.5
F:56.4±-8.9

self-report short(<5)
Long(>9)

Not mentioned Not mentioned Any DR 6

Tan (11) 2018 Malay
India

1231 64.4±9.0 self-report short(<6)
Long(≧8)

Not mentioned Not mentioned Moderate
DR

9

Dutta (7) 2020 India 140 NO DR:55.59
±6.83

DR:57.51±5.82

self-report Not
mentioned

NO DR:4.30±3.26
DR:7.44±3.99

Not mentioned Any DR 7

Sirisreet (12)
2020

Thailand 25 NO DR:51.1±11.5
DR:51.5±8.5

self-report Not
mentioned

NO DR:4.1±3.1
DR:7.4±3.5

Not mentioned Any DR 7

Ba-Ali (13) 2018 Denmark 54 NO DR:63.1±8.3
DR:61.6±9.1

self-report Not
mentioned

NO DR:5.3±3.9
DR:7.2±4.5

NO DR:5.6±3.1
DR:7.2±3.6

Any DR 8
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studies (P = 0.93, I2 = 0%), so the fixed effect model was used.
The meta-analysis results showed that the fixed effect model was
(OR = 1.83, 95%CI 1.36–2.47, P < 0.0001), suggesting that
compared with patients with normal sleep duration, the
prevalence of DR in diabetic patients with long sleep duration
was significantly higher (Figure 7). This confirms that long sleep
duration is related to DR risk and is a risk factor for DR.

Short sleep duration and DR risk
Short sleep duration and DR prevalence were included in 3
studies (8, 10, 11), and 6 studies provided the OR values and 95%
CI of the incidence of DR in diabetic patients in the short sleep
duration experimental group and normal sleep duration control
group. There was no heterogeneity among the studies (P = 0.60,
I2 = 0%), so the fixed effect model was used. The meta-analysis
results showed that the fixed effect model was (OR = 1.49, 95%CI
(1.15, 1.94), P = 0.003), suggesting that compared with patients
with normal sleep duration, the prevalence of DR in diabetic
patients with short sleep duration was significantly higher
(Figure 8). This confirms that short sleep duration is related to
DR risk and is a risk factor for DR.
Frontiers in Endocrinology | www.frontiersin.org 5159
DISCUSSION

Given the rising prevalence of diabetes and the high burden of
DR worldwide, the prevention and treatment of DR is an
increasing public health challenge (14). Therefore, in addition
to classic risk factors such as poor glycemic control,
hypertension, and longer disease duration, it is important to
identify other modifiable risk factors from clinical and public
health perspectives (15). The increasing prevalence of poor sleep
health, which shows a long-term trend as modern society
changes, is an underestimated determinant of health outcomes.
A recent accumulation of evidence from experimental and
epidemiological studies has shown that sleep duration and
quality are significantly associated with diabetes, insulin
resistance, and poor glycemic control (16–19). Our findings
suggest that both sleep quality and duration may have an
impact on the presence of DR.

“Sleep disturbances” refers to abnormal sleep quality, such as
difficulty falling asleep, early awakening, and disturbances of the
normal rhythm of sleeping and waking. Continuous
A B

C D

FIGURE 4 | Funnel plots of included literature: (A) PSQI score funnel plot; (B) ESS score funnel plot; (C) Long sleep duration DR funnel plot; (D) Short sleep
duration DR funnel plot.
FIGURE 3 | Bias risk assessment chart of included literature.
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hyperglycemia and blood sugar fluctuations in diabetes can cause
damage to the cerebral blood vessels, nerves, cells, etc., and
disrupt the nerves that regulate sleep-wake rhythms, and the
series of diabetes symptoms or complications also result in sleep
problems. Evidence suggests that sleep deprivation itself
contributes to the pathogenesis of DR and the development of
proliferative DR. Another consideration is that sleep
disturbances have been shown to negatively impact immune
function and inflammation (20, 21), the latter of which is
implicated in the pathogenesis of DR (22) and is a target for
drug therapy in DR (23, 24). At present, there are many ways to
evaluate sleep quality, including objective monitoring methods
such as polysomnography and various subjective questionnaires
such as PSQI (25), ESS (26), insomnia severity index (ISI) (27),
Leeds sleep evaluation questionnaire (LSEQ) (28), etc. In this
study, sleep quality was assessed by PSQI and ESS scores. The
higher the score, the worse the sleep quality. PSQI was proposed
by Buysse et al. (25) in 1989. The reliability test of PSQI showed
that the scale has good internal consistency (Cronbach’s alpha =
0.83) and test-retest reliability (r = 0.85). PSQI was developed on
the basis of the analysis and evaluation of various scales related to
assessing sleep quality. By organically combining the quality and
quantity of sleep, it can not only evaluate the sleep behavior and
habits of the general population, but also be used for the
comprehensive evaluation of sleep quality in clinical patients
(29). ESS item scores have been shown to be reliable, associated
with sleepiness in everyday life, and effective in the assessment of
sleep disturbances (30).

Through the analysis of the literature, it was found that more
articles used the PSQI and ESS scores because they have good
reliability and validity. Therefore, this study finally selected the
PSQI and ESS scores as the outcome indicators. The PSQI and
ESS scores of the DR experimental group were higher than those
of the NO DR control group, meaning that sleep quality is
significantly associated with DR and is a risk factor for DR.
People with diabetes and poor sleep quality have a greater DR
risk. Therefore, for DR patients with sleep disorders, in addition
Frontiers in Endocrinology | www.frontiersin.org 6160
to specific problems that require symptomatic treatment, health
education should be carried out at the same time, and clinical
psychological and treatment intervention should be actively
carried out to improve the sleep quality of patients, thereby
improving their blood sugar control levels. Reducing the
occurrence of diabetic complications and improving the quality
of life of diabetic patients is of great significance.

A number of recent studies have found a relationship between
sleep duration and diabetes risk (17) and its associated
complications (10). The results of this study show that
abnormal sleep duration, including long sleep duration and
short sleep duration, is related to the occurrence of DR.
Regarding the possible mechanism of the association between
long sleep duration and DR: first, long sleep duration may be an
indirect response of poor sleep quality, causing patients to
require prolonged sleep; for example, obstructive sleep apnea is
a known cause of increased sleep demand, and the resulting
intermittent hypoxia may play an important role in the
development of diabetes, and has been identified as a risk
factor for insulin resistance and diabetes (16). Second, as with
short sleep duration, long sleep duration also increases
inflammatory biomarkers (31), and pro-inflammatory
cytokines have sleep-inducing effects, so prolonged sleep may
also be induced by diabetes itself and/or the resulting
inflammatory states (32). Third, in a dark environment, the
oxygen consumption of the outer retina increases, which leads to
a sharp decrease in the retinal oxygen tension curve, aggravates
retinal hypoxia, and stimulates the overproduction of vascular
endothelial growth factor, which in turn promotes the
occurrence of DR (33, 34). Fourth, long sleep duration is often
clustered with other known risk factors for DR such as
depression, low socioeconomic status, history of other medical
diseases, and less physical activity (35, 36).

Short sleep duration may also affect the progression of DR
through various mechanisms. First, short sleep duration is
associated with poor glycemic control (37). Buxton et al.
showed that sleep deprivation leads to decreased insulin
FIGURE 6 | Forest plot of ESS score and DR risk relationship meta-analysis.
FIGURE 5 | Forest plot of PSQI score and DR risk relationship meta-analysis.
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sensitivity (18) and affects insulin secretion through the
neuroendocrine system (38). Second, short sleep duration may
be associated with inflammation (21). Third, short sleep duration
may lead to vascular endothelial dysfunction by affecting nitric
oxide, serum endothelin, etc. (39, 40). Fourth, sleep disruption
affects melatonin levels (41), accelerating the progression of DR.
At the same time, similar to long sleep duration, short sleep
duration is often clustered with other DR-related risk factors
such as low socioeconomic status and low education level (36).

It should be noted that DR itself also affects sleep duration
and quality (42). Especially in elderly patients, the presence of
diabetic complications is associated with depression and sleep
duration (43). As there were insufficient studies on the
association between DR and sleep stage, the relationship
between the two could not be further investigated. Therefore,
the causal relationship between the two remains to be
determined through further research.

This study has several limitations: first, the sleep quality score
was obtained in the form of a questionnaire, moreover, the
results of the ESS score studies are not stable, the number of
included studies is small, more studies are needed to further
stabilize the study results; and sleep duration was mainly
reported by patients, which is highly subjective. Moreover, the
definitions of long and short sleep duration were not completely
consistent among studies. Second, the methods of diagnosing
and grading DR in each study were slightly different, and the
study populations were from different ethnicities, which may
have led to greater heterogeneity in the results. Third, the sample
size was relatively small, and there was a lack of large-scale,
multi-center, randomized controlled trials. Fourth, the quality of
Frontiers in Endocrinology | www.frontiersin.org 7161
some included articles was not very high, so there may be
selection bias. Therefore, the conclusions of this study should
be interpreted with caution.

In conclusion, Our results suggest that both sleep quality and
duration are related to the occurrence of DR. Among them, sleep
quality and duration are both risk factors for DR, while the
relationship between short sleep duration and DR needs to be
further determined, and its causal relationship and biological
mechanism also require further research for confirmation. Sleep
quality and duration, as individual-level modifiable risk factors,
should be of great concern to clinicians and patients.
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Objective: This study aimed to explore the relationship between homocysteine (Hcy) and
diabetic retinopathy (DR) and the impacts of the Hcy pathway on this relationship against
this background.

Methods: This study retrieved 1979 patients with type 2 diabetes (T2D) from the First
Affiliated Hospital of Liaoning Medical University in Jinzhou, Liaoning Province, China.
Multiple logistic regression was used to analyze the effects of Hcy cycle on the relationship
between Hcy and DR. Spearman’s rank correlation analysis was used to analyze the
correlation between risk factors related to DR progression and Hcy. Finally, the results of
logistic regression were supplemented by mediation analysis.

Results: We found there was a negative correlation between low concentration of Hcy
and DR (OR : 0.83, 95%CI: 0.69-1). After stratifying all patients by cysteine (Cys) or
Methionine (Met), this relationship remained significant only in low concentration of Cys
(OR: 0.75, 95%CI: 0.61-0.94). Through the RCS curve, we found that the effect of Hcy on
DR presents a U-shaped curve relationship. Mediating effect in Met and Hcy cycles was
also significant [Total effect c (OR: 0.968, 95%CI: 0.938-0.998), Direct effect path c’ (OR:
0.969, 95%CI: 0.940-0.999), Path a (OR: 1.047, 95%CI: 1.004-1.091), Path b (OR:
0.964, 95%CI: 0.932-0.998)].

Conclusions: The relationship between Hcy and DR presents a U-shaped curve and the
homocysteine cycle pathway has an impact on it. And too low concentration of Hcy
indicates a lack of other substances, such as vitamins. It is suggested that the progression
of DR is the result of a combination of many risk factors. Further prospective studies are
needed to determine the role of Hcy in the pathogenesis of DR.
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INTRODUCTION

Diabetes is a metabolic disorders illness caused by the absolute or
relative lack of insulin secretion, and type 2 diabetes (T2D) is
more common in patients. At present, the incidence of diabetes
has risen sharply around the world and has become a global
public health event. According to 10th Edition of International
Diabetes Federation (IDF) in 2021 there were 537 million people
aged 20-79 with diabetes worldwide. This number is expected to
grow to 643 million by 2030, and it will rise to 783 million by
2045 (1). As a populous country with 110 million people living
with diabetes, China has the largest number of diabetic patients
in the world, posing a huge challenge to healthcare system in
China (2). Diabetic retinopathy (DR), as a major microvascular
complication, is one of the most dangerous complications of
diabetes. The prevalence of DR among diabetic patients
worldwide was 34.6%, and it can reach 40.3% in developed
countries (3). There are 2.6 million people had been suffered
from visual impairment due to DR until 2015 (4), and this
number has been growing over time. In China, 40% of diabetic
patients suffer from DR (5), and 1/10 of DR will develop into
vision-threatening DR (6). So, DR is considered to be an
important factor leading to visual impairment and even
blindness in working-age diabetic patients.

Many studies have found that the development of DR is not
solely due to hyperglycemia, many patients with well-controlled
glycemia also developed DR (7–9). And there is no obvious
symptoms in the early stage of DR (10), so most of the current
effective treatments are aimed at the late stage of DR, which often
accompanied by serious adverse reactions (11). Therefore, it is
particularly important to discover early biomarkers of DR’
development and carry out intervention in time.

Homocysteine (Hcy) is a sulfur-containing amino acid
formed from methionine (Met) metabolism. In the Hcy cycle,
a part of Hcy generates Cys through the trans-sulfurization
pathway, and the other part is remethylated to regenerate Met.
Hyperhomocysteinemia (HHcy) has been widely recognized as a
risk factor for cardiovascular disease. Although the specific
mechanism is unclear, studies have shown that Hcy causes
cardiovascular disease by damaging the vascular endothelium
(12, 13). As a microvascular disease, DR is also affected by Hcy to
a certain extent. The Hcy cycle can regulate the balance of Met
and Cys, linking the folate cycle to promote methylation (14),
and the interaction between the various substances in the cycle
can also affect the effect of Hcy on DR. In recent years, more and
more researches about the effect of Hcy on DR have been carried
out. At present, some published literatures have provided
evidence for the effect of various risk factors on DR (15, 16),
but the specific effect mechanism has been still not clear so far.
Therefore, it is very important to understand the risk factors of
DR, which provides the evidence for reducing the risk of DR in
T2D and develops monitoring and intervention in high-risk
groups and early-stage patients to reduce the risk of blindness
in diabetic patients.

In this study, we aimed to explore the relationship between
Hcy and DR and the impacts of Met and Cys involved in the Hcy
cycle pathway on this relationship.
Frontiers in Endocrinology | www.frontiersin.org 2165
MATERIALS AND METHODS

Study Method and Population
The First Affiliated Hospital of Liaoning Medical University
(FAHLMU) is a tertiary general hospital located in Jinzhou,
Liaoning Province, China. Inclusion criteria for this study
were: 1) Patients diagnosed as T2D or treated with
antihyperglycemic therapy; 2) Complete Hcy cycle and DR
prevalence information. Exclusion criteria were: 1) T2D
patients under 18 years old; 2) Subjects lacked the research
indicators, height, weight, and blood pressure. Finally, a total
of 1797 subjects were included in the present study, including
232 DR patients. The specific screening steps are shown in
Figure 1. The diagnosis and classification of T2D in the
present study were based on the standard published by
World Health Organization (WHO) or treated with
antihyperglycemic therapy (17). DR diagnostic criteria based
on eye exam results for T2D (18).

The Ethics Committee for Clinical Research of FAHLMU
approved the ethics of the study, and informed consent was
waivered due to the retrospective nature of the study, which is
consistent with the Declaration of Helsinki.
FIGURE 1 | Schematic diagram of subject screening process. Hcy,
Homocysteine; Met, Methionine; Cys, Cysteine; DR, Diabetic Retinopathy.
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Data Collection and Clinical Definitions
The data retrieved from the electronic medical records included
demographic and anthropometric information, as well as current
clinical factors and diabetic complications. Demographic
included gender, age. Anthropometric measurements included
height, weight, systolic blood pressure (SBP) and diastolic blood
pressure (DBP). Clinical parameters included glycosylated
hemoglobin (HbA1c), triglycerides (TG), total cholesterol
(TC), high density lipoprotein cholesterol (HDL-C), low
density lipoprotein cholesterol (LDL-C), urinary creatinine
(UA), Serum creatinine (SCR), homocysteine (Hcy)
concentration, methionine (Met) concentration and cysteine
(Cys) concentration.

In the hospital, the measurements of anthropometric indicators
were measured by using standardized procedures. Participants
were allowed to wear light clothes and no shoes. Height and weight
were measured to the nearest 0.5 cm and 0.1 kg, respectively.
Blood pressure in adults was measured after a cuff on the right arm
with a standard mercury sphygmomanometer and after a 10-
minute rest in a seated position at an appropriate size. Age was
obtained from the date of birth to the date of hospitalization or
medical examination, and was calculated in years. The body mass
index (BMI) was calculated as the ratio of body weight (kg) to
squared height (m) and classified according to the overweight and
obesity criteria recommended by the National Health Commission
of China (19). DR was assessed by bilateral retinal photographs
and defined as present if the following lesions were found:
microaneurysm, retinal hemorrhage, soft exudate, hard exudate,
or vitreous hemorrhage.

Based on the RCS curve, we defined the population with Cys
concentration higher than 1.45 mmol/L as high Cys population,
and the population with less than 1.45 mmol/L concentration as
low Cys population (Figure S1); The population with higher
than 16.9 mmol/L Met concentration was defined as the high Met
population, and the population lower than 16.9 mmol/L was
defined as the low Met population (Figure S2).

Laboratory Assay
Dried blood spots were used in the metabolomic assay, which
were prepared from capillary whole blood through an 8-h
fasting. We measured the metabolites by direct infusion mass
spectrometry technology equipped with the AB Sciex 4000
QTrap system (AB Sciex, Framingham, MA, USA). High-
purity water (7732–18–5) and acetonitrile (75-05-8) were
purchased from Thermo Fisher (Waltham, MA, USA), and
were utilized as diluting agent and mobile phase. 1-Butanol(71-
36-3) and acetyl chloride(75-36-5) were obtained from Sigma-
Aldrich (St Louis, MO, USA). Isotope-labeled internal standard
samples of amino acids (NSK-A) were purchased from
Cambridge Isotope Labo-ratories (Tewksbury, MA, USA),
while standard samples of the Hcy(14857-77-3), Cys(52-90-4)
and Met(63-68-3) were purchased from Chrom Systems
(Grafelfing, Germany). In brief, 8.5 mL of venous blood was
drawn from each participant at 08:00 to 09.30 h in the morning
after an 8-h fasting. Laboratory tests were carried out at a
specialized diagnostic laboratory. The level of lipid profiles was
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analyzed with an automatic biochemistry analyzer (Hitachi 7150,
Tokyo, Japan). We also assayed the level of HDL-C and LDL-C
by the selective solubilization.

Statistical Analysis
Continuous data were expressed as mean ± standard deviation
(SD), non-normal distributed data were expressed as median
(interquartile range), and categorical variables were expressed as
numbers (percentages). In the four large groups divided by Cys
and Met concentrations, it was tested whether there were
differences between the patients in the DR group and the NDR
group. The p-values of the repeated groups were FDR corrected.
Continuous and normal distributed variables were tested with t-
test or ANOVA, non-normal variables were analyzed by
nonparametric test, and categorical variables were analyzed by
chi-square test.

Binary logistic regression models were used to obtain odds
ratios (OR) and the 95% confidence intervals (95%CI).
Traditional risk factors for DR in T2D patients were adjusted
through a structural adjustment program. Through the analysis,
we obtained the unadjusted OR value and the adjusted OR value
after adding traditional risk factors, including age, gender, body
mass index, systolic blood pressure, diastolic blood pressure,
low-density lipoprotein cholesterol, High-density lipoprotein
cholesterol, triglyceride, total cholesterol, glycosylated
hemoglobin, uric acid, serum creatinine.

Restrictive cubic spline (RCS) is a curve that can provide a
more intuitive relationship. According to the change of the
RCS curve, we select suitable nodes in the RCS. We used it
to obtain cut-off values for metabolites associated with DR
risk, and selected a cut-off point by visually inspecting the
curves of DR probability. Then we repeated the logistic
regression analysis in the Cys and Met populations to obtain
the corresponding OR values to check whether the
concentrations of Met or Cys would affect the relationship
between Hcy and DR. Spearman correlation analysis confirmed
the correlation between various factors in the Hcy cycle, Hcy
and traditional related variables, and then through the
mediation effect analysis, we analysis whether there is a
mediating effect between Hcy cycle pathway and DR. We
excluded patients with DR for >2 years to examine the effect
of Hcy on the risk of DR. All analyses were performed using R
version 4.1.0 and SAS 9.4.
RESULT

Description of Study Subjects
Table 1 summarizes the selected characteristics of the DR group
and the control group in the total population and the population
grouped by Cys and Met. The study included a total of 1797
participants with a mean age of 57.27 years (SD: 14.17) and a
mean BMI of 26.14 kg/m² (SD: 4.66). 48.1% of subjects were
male. 232 DR patients were included in the study, of which 119
(51.3%) were male. The power of all four groups was greater
than 0.95.
June 2022 | Volume 13 | Article 883845
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According to the Cys concentration, the population was divided
into two groups. In the low Cys population, Only the differences of
SBP, HbA1c and Hcy between two groups were statistically
significant. DR patients had higher SBP, HbA1c concentration
Frontiers in Endocrinology | www.frontiersin.org 4167
and lower Hcy concentration. In the high Cys population, the
differences of HbA1c, TC and LDL-C between two groups among
other indicators were statistically significant. The concentration of
HbA1c, TC and HDL-C in the DR group were all higher.
TABLE 1 | Clinical and biochemical characteristics of participants according to the occurrence of diabetic retinopathy.

Variables Total
subjects

Low Cys P High Cys P Low Met P High Met P

Non-DR DR Non-DR DR Non-DR DR Non-DR DR
Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Mean/
number
(SD or %)

Age (years) 57.27 ±
14.17

56.66 ±
14.72

58.64 ±
11.05

0.158 57.67 ±
14.42

56.99 ±
11.28

0.632 57.11 ±
14.62

58.43 ±
10.66

0.341 57.24 ±
14.53

57.21 ±
11.71

0.981

Male sex 864
(48.1%)

361
(47.4%)

62 (51.7%) 0.445 384
(47.8%)

57 (50.9%) 0.603 348
(48.4%)

60 (49.6%) 0.886 397
(46.9%)

59 (53.2%) 0.257

Weight (kg) 71.73 ±
14.03

72.15 ±
14.49

70.58 ±
12.81

0.263 71.36 ±
14.52

69.53 ±
12.95

0.205 72.49 ±
14.63

70.69 ±
13.29

0.206 70.84 ±
13.65

69.36 ±
13.21

0.279

Height (cm) 165.00
(160.00,
172.00)

165.00
(160.00,
172.00)

164.00
(160.00,
171.00)

0.490 167.00
(160.00,
172.00)

165.00
(160.00,
170.00)

0.080 165.00
(160.00,
171.50)

163.00
(160.00,
172.00)

0.302 165.00
(160.00,
171.00)

164.00
(160.00,
171.00)

0.646

BMI (kg/m²) 26.14 ±
4.66

26.34 ±
5.18

25.72 ±
3.88

0.215 25.64 ±
4.63

25.33 ±
4.26

0.498 26.52 ±
5.25

26.01 ±
4.75

0.320 25.71 ±
4.31

25.18 ±
3.85

0.219

BMI<18.5 57 (3.2%) 20 (2.6%) 1 (0.9%) 37 (4.6%) 5 (4.5%) 26 (3.6%) 2 (1.7%) 33 (3.9%) 3 (2.7%)
BMI≥18.5and<24.0 534

(29.7%)
235

(30.9%)
42 (35.0%) 251

(31.2%)
37 (33.0%) 209

(29.1%)
39 (32.2%) 254

(30.0%)
44 (39.6%)

BMI≥24and<28.0 655
(36.4%)

275
(36.1%)

46 (38.3%) 308
(38.3%)

45 (40.2%) 243
(33.8%)

50 (41.3%) 334
(39.5%)

38 (34.2%)

BMI≥28.0 551
((30.7%)

231
(30.4%)

31 (25.8%) 208
(25.9%)

25 (22.3%) 241
(33.5%)

30 (24.8%) 225
(26.6%)

26 (23.5%)

SBP (mmHg) 140.96 ±
23.92

140.55 ±
24.02

145.85 ±
25.09

0.026 140.14 ±
23.30

144.20 ±
24.58

0.087 139.04 ±
23.93

143.99 ±
24.37

0.036 141.42 ±
23.38

145.95 ±
25.21

0.058

DBP (mmHg) 83.24 ±
13.69

83.35 ±
13.18

83.91 ±
14.70

0.669 82.88 ±
13.89

84.25 ±
14.11

0.328 82.87 ±
14.29

83.78 ±
14.39

0.519 83.27 ±
12.93

84.17 ±
14.47

0.497

HbA1c (%) 9.62 ±
2.42

9.81 ±
2.47

9.31 ±
2.33

0.041 9.32 ±
2.36

9.84 ±
2.56

0.032 9.62 ±
2.37

9.74 ±
2.60

0.613 9.44 ±
2.36

9.37 ±
2.38

0.750

Triglyceride (mmol/L) 1.66 (1.12,
2.52)

1.69 (1.11,
2.54)

1.80 (1.21,
2.75)

0.267 1.67 (1.13,
2.55)

1.64 (1.17,
2.82)

0.441 1.71 (1.13,
2.59)

1.58 (1.11,
2.38)

0.376 1.62
(1.07,
2.43)

1.91 (1.33,
3.00)

0.005

TC (mmol/L) 4.76 (4.01,
5.54)

4.69 (4.01,
5.40)

4.80 (4.16,
5.74)

0.206 4.73 (3.95,
5.52)

5.11 (4.38,
5.98)

0.001 4.80 (3.98,
5.49)

4.96 (4.18,
5.74)

0.097 4.69 (3.93,
5.42)

4.88 (4.16,
5.65)

0.071

HDL-C (mmol/L) 1.11 ±
0.35

1.07 ±
0.32

1.12 ±
0.37

0.097 1.14 ±
0.38

1.15 ±
0.42

0.732 1.09 ±
0.34

1.16 ±
0.41

0.038 1.11 ±
0.36

1.11 ±
0.30

0.946

Male (HDL-C<1.0
mmol/L)

330
(18.4%)

161
(21.2%)

27 (22.5%) 131
(16.3%)

20 (17.9%) 138
(19.2%)

17 (14.1%) 147
(17.4%)

20 (18.0%)

Female (HDL-
C<1.3 mmol/L)

726
(40.4%)

330
(43.4%)

43 (35.8%) 313
(38.9%)

43 (38.4%) 296
(41.2%)

48 (39.7%) 347
(41.0%)

44 (39.6%)

LDL-C (mmol/L) 2.83 (2.25,
3.46)

2.80 (2.28,
3.45)

2.80 (2.26,
3.50)

0.948 2.82 (2.24,
3.42)

3.13 (2.57,
3.51)

0.004 2.91 (2.32,
3.45)

2.81 (2.32,
3.40)

0.665 2.73 (2.22,
3.42)

2.89 (2.29,
3.46)

0.259

Hcy (mmol/L) 8.18 (7.47,
8.84)

7.98 (6.63,
8.55)

7.67 (6.46,
8.30)

0.007 8.41 (7.87,
9.19)

8.58 (7.88,
9.10)

0.507 8.16 (7.41,
8.71)

7.93 (7.05,
8.63)

0.109 8.24 (7.60,
8.97)

8.22 (6.95,
9.03)

0.656

<7.7mmol/L 536
(29.8%)

300
(39.4%)

62 (51.7%) 152
(18.9%)

22 (19.6%) 225
(31.3%)

46 (38.0%) 227
(26.8%)

38 (34.2%)

≥7.7mmol/L 1261
(70.2%)

461
(60.6%)

58 (48.3%) 652
(81.1%)

90 (80.4%) 494
(68.7%)

75 (62.0%) 619
(73.2%)

73 (65.8%)

UA 278.00
(181.00,
364.00)

284.20
(214.96,
371.00)

305.00
(238.25,
375.02)

0.149 265.70
(7.00,
358.00)

284.05
(175.03,
358.50)

0.460 282.00
(165.50,
369.50)

289.00
(196.00,
371.00)

0.779 273.55
(171.25,
360.00)

291.96
(228.50,
353.50)

0.178

SCR 59.00
(47.90,
75.51)

58.80
(47.52,
74.45)

56.12
(47.48,
75.26)

0.902 59.85
(47.03,
77.00)

59.52
(50.97,
74.22)

0.813 58.00
(46.05,
75.40)

56.74
(47.61,
74.89)

0.803 60.60
(49.16,
75.96)

57.00
(48.89,
72.43)

0.326
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BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycated hemoglobin; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; Hcy, Homocysteine; UA, uric acid; SCR, serum creatinine.
Data are mean ± standard deviation, median (IQR), or n (%).
P values were derived from the t-test for normally distributed variables, Mann-Whitney U test for skewed distributions, Chi-square test (or fisher test if appropriate) for categorical variables.
P < 0.05 was defined as statistically significant.
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We divided the general population into two groups
according to the Met concentration of subjects in the same
way. In the low Met population, the differences of SBP and
HDL-C between two groups were statistically significant.
The SBP and HDL-C concentrations in the DR group were
higher. In the high Met population, except for TG, there
was no significant difference in other indicators between the
two groups, and the TG concentration was higher in the
DR group.

The Association Between Homocysteine
and Diabetic Retinopathy
The slope of the RCS curves of Hcy and DR have a process from
large to small, and 7.7mmol/L is the junction point of the slope
change. Among all subjects, 536 (29.8%) had plasma Hcy levels
below 7.7 mmol/L (Figure 2).

For numerical Hcy, Hcy was inversely associated with DR
risk in univariate regression, but the difference in this
relationship was not significant (OR: 0.85, 95%CI: 0.71-
1.03). After adjusting for traditional risk factors associated
with DR, the negative correlation became significant and
enhanced. After a step-by-step adjustment of the Model 1,
we found that it was the adjustment of SBP that made the
relationship between Hcy and DR significant. For the
categorical Hcy (as reference), the relationship between Hcy
and DR was significant in both univariate and multivariate
regression (Table 2).
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The Influence of Methionine and Cysteine
Levels on the Association Between
Homocysteine and Diabetic Retinopathy
In the population grouped by Cys concentration, the relationship
between Hcy and DR was only significant in the low Cys
population. Both univariate regression (OR: 0.77, 95%CI: 0.63-
0.93) and multivariate regression (OR: 0.75, 95%CI: 0.61-0.94)
showed a negative relationship between numerical Hcy and DR.
For the binary Hcy, this negative relationship was still significant.
This negative association enhanced after adjusting for traditional
risk factors (univariate regression (OR: 0.61, 95%CI: 0.41-0.9),
multivariate regression (OR: 0.6, 95%CI: 0.4-0.9). In the high Cys
population, the relationship between Hcy and DR was no longer
significant in both univariate and multivariate regression.

In addition, after grouping the total population by Met level,
the relationship between Hcy and DR became no longer
significant. The mediating effect of Hcy and Met cycle on DR
was significant. It was suggested that the grouping of Met
concealed the heterogeneity of Hcy levels in the same
pathway (Table 3).

Correlation Between Homocysteine Cycle
and Relevant Factors
We analyzed the correlation between three main factors involved
in Hcy cycle pathway and other factors associated with the
progression of DR, and only retained the factors that were
significantly associated with Hcy (Figure 3). At first, the
positive correlations between Hcy, Met and Cys were all
significant, and the correlation between Hcy and Cys was the
FIGURE 2 | The relationship between Hcy concentration and DR risk in T2D
patients. The red curve was derived from multivariate analysis that adjusted
for age, gender, body mass index, systolic blood pressure, diastolic blood
pressure, low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine and
serum creatine.
TABLE 2 | Odds ratio of Homocysteine (Hcy) for the risk of diabetic retinopathy.

OR(95%CI) P

Univariable model
Hcy, per mmol/L 0.85 (0.71,1.03) 0.064
<7.7mmol/L reference
≥7.7mmol/L 0.72 (0.54-0.96) 0.025
Multivariable model1
Hcy, per mmol/L 0.84 (0.7,1) 0.027
<7.7mmol/L reference
≥7.7mmol/L 0.73 (0.55,0.98) 0.04
Multivariable model2
Hcy, per mmol/L 0.83 (0.69,1) 0.024
<7.7mmol/L reference
≥7.7mmol/L 0.72 (0.53-0.96) 0.029
Multivariable model3
Hcy, per mmol/L 0.83 (0.69,1) 0.025
<7.7mmol/L reference
≥7.7mmol/L 0.73 (0.54-0.98) 0.04
In different models, the categorical Hcy divided into two groups by 7.7mmol/L was used as
a reference, and then observed changes of numerical and categorical Hcy respectively.
Multivariable Model 1 was adjusted for age, gender, body mass index., systolic blood
pressure, diastolic blood pressure.
Multivariable Model 2 was adjusted for variables in Model 1 and concentrations of low-
density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total
cholesterol, glycosylated hemoglobin.
Multivariable Model 3 was adjusted for variables in Model 2 and concentrations of uric
acid, serum creatinine.
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Luo et al. Homocysteine and Diabetic Retinopathy
largest, r=0.37. In addition, there were significant correlations
between Hcy and BMI, SBP, DBP, HbA1c, and UA, among
which HbA1c and UA were negatively correlated. In addition to
Frontiers in Endocrinology | www.frontiersin.org 6169
the Hcy-related indicators, the factor with the strongest
correlation with Hcy was UA, r=-0.17. The small correlation
coefficient may be affected by other unadjusted factors, but the
TABLE 3 | Odds ratio of Homocysteine (Hcy) for the risk of diabetic retinopathy in different group by Met and Cys.

Low Cys High Cys Low Met High Met

OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P

Univariable model
Hcy, per mmol/L 0.77 (0.63,0.93) 0.016 0.94 (0.75,1.17) 0.545 0.88 (0.69,1.13) 0.271 0.84 (0.64,1.11) 0.166
<7.7mmol/L reference reference reference reference
≥7.7mmol/L 0.61 (0.41,0.9) 0.024 0.95 (0.58,1.57) 0.853 0.74 (0.5,1.11) 0.148 0.7 (0.46,1.07) 0.108
Multivariable model1
Hcy, per mmol/L 0.76 (0.62,0.93) 0.016 0.91 (0.72,1.14) 0.374 0.87 (0.68,1.11) 0.208 0.83 (0.63,1.1) 0.152
<7.7mmol/L reference reference reference reference
≥7.7mmol/L 0.6 (0.4,0.89) 0.022 0.96(0.58,1.58) 0.873 0.74 (0.5,1.12) 0.158 0.71 (0.46,1.08) 0.117
Multivariable model2
Hcy, per mmol/L 0.76 (0.61,0.93) 0.016 0.93 (0.74,1.16) 0.498 0.87 (0.68,1.12) 0.239 0.84 (0.64,1.1) 0.162
<7.7mmol/L reference reference reference reference
≥7.7mmol/L 0.59 (0.4,0.89) 0.022 1.01 (0.61,1.68) 0.938 0.73 (0.48,1.1) 0.138 0.71 (0.46,1.09) 0.12
Multivariable model3
Hcy, per mmol/L 0.75 (0.61,0.94) 0.022 0.93 (0.74,1.16) 0.502 0.86 (0.66,1.12) 0.216 0.86 (0.66,1.13) 0.225
<7.7mmol/L reference reference reference reference
≥7.7mmol/L 0.6 (0.4,0.9) 0.030 1.01 (0.61,1.69) 0.940 0.72 (0.47,1.1) 0.131 0.74 (0.48,1.14) 0.175
June 20
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In different models, the categorical Hcy divided into two groups by 7.7mmol/L was used as reference, and then observed changes of numerical and categorical Hcy respectively.
Multivariable Model 1 was adjusted for age, gender, body mass index., systolic blood pressure, diastolic blood pressure.
Multivariable Model 2 was adjusted for variables in Model 1 and concentrations of low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total cholesterol,
glycosylated hemoglobin.
Multivariable Model 3 was adjusted for variables in Model 2 and concentrations of uric acid, serum creatinine.
The p-values of the repeated groups were FDR corrected.
FIGURE 3 | Spearman correlation coefficients and probability density plots between plasma Hcy and risk factors of DR (n=1797). BMI, body mass index. SBP,
systolic blood pressure. DBP, diastolic blood pressure; HbAlc, glycated hemoglobin; Hcy, Homocysteine; Met, Methionine; Cys, Cysteine; UA, uric acid. *p-value
<0.05, **p-value <0.01, ***p-value <0.001.
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significance of its correlation indicates the significance of our
inclusion of adjustment.

Mediating Effect of Homocysteine
Cycle Pathway
We used the causal steps approach (20) to analyze the mediating
effect of the Hcy cycle pathway. Tables 4, 5 showed the results of
the mediation analysis. In Model 1 (Hcy as mediator), the total
effect of Met concentration on DR was significant (OR: 0.968,
95%CI: 0.938-0.998). The interaction between Met and Hcy was
significant (OR: 1.047, 95%CI: 1.004-1.091). The effect of Hcy on
DR was significant (OR: 0.964, 95%CI: 0.932-0.998). Meanwhile,
the direct effect of Met on DR remained significant (OR: 0.969,
95%CI: 0.940-0.999) after adjusting for the Hcy (Figure 4). It
shows that the mediation effect is significant in Model 1, and it is
incomplete mediation.

In model 2 (Cys as mediator), the total effect of Hcy on DR
was significant (OR: 0.964, 95%CI: 0.932-0.998). The interaction
between Hcy and Cys was significant (OR: 1.290, 95%CI: 1.227-
1.355). However, the effect of Cys on DR was not significant (OR:
0.986, 95%CI: 0.956-0.1.017). After adjusting for Cys, the direct
effect of Hcy on DR was still not significant (OR: 0.966, 95%CI:
0.932-1.000) (Figure 5). It shows that there is no mediation effect
in the pathway of model 2.
DISCUSSION

We divided the study population according to the slope change
point of the RCS curve, and we obtained that the Hcy and DR are
Frontiers in Endocrinology | www.frontiersin.org 7170
negatively correlated. In the study, it can be seen from the
changing direction of the RCS curve that in people with low
concentrations of Hcy, even if it is not reached the level of
traditional high Hcy, there can still have an impact on the
development of DR. And after the changing point of slope (7.7
mmol/L), the effect of Hcy on the risk of DR tends to be gentle,
and it can be seen that the intervention before this point is more
effective in reducing the risk of DR.

At present, many scholars have carried out relevant
researches about the prediction of disease risk by Hcy level in
the body. Hcy is considered to be related to a variety of diseases,
especially the relationship with cardiovascular disease has been
confirmed many times. In recent years, many scholars have
begun to explore the effect of Hcy on diabetes and its
complications, but the results of the relationship between Hcy
and diabetes and its complications are controversial. Mainstream
results suggest that Hcy is a risk factor for DR. A cross-sectional
study in Hoorn identified Hcy as a risk factor for DR (21), and
then they did a prospective cohort study which found that Hcy
affects DR possibly by reducing transmethylation in vivo (22).
However, there are also some findings that are considered to be
consistent with our results. A study found that Hcy above its
threshold will increase the risk of DR (OR=1.66), while Hcy
below the threshold become a protective factor for the DR
(OR=0.83) (23). Although the result at low concentrations of
Hcy was not statistically significant, this result was consistent
with us in direction. We believe that the small sample sizes of the
study (n=140) and the lack of adjustment for HDL-C, LDL-C,
and UA may account for the no statistically significant results.
Another study found that the median Hcy concentration in
TABLE 4 | Mediation analysis of the relationship between Met and DR by Hcy.

Met

Parameter estimate OR (95%CI) P

Total effect c -0.0327 0.968 (0.938,0.998) 0.03826
Direct effect path c’ -0.0311 0.969 (0.940,0.999) 0.04882
Path a 0.0456 1.047 (1.004,1.091) 0.032820
Path b -0.0367 0.964 (0.932,0.998) 0.03564
June 2022 | Volume 13 | Artic
Adjusted for age, gender, body mass index., systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total
cholesterol, glycosylated hemoglobin, uric acid, serum creatinine.
Path c’ indicated the path from Met to DR (Outcome) when controlled for Hcy (Mediator).
Path a indicated the path from Met to Hcy (Mediator).
Path b indicated the path from Hcy (Mediator) to DR (Outcome).
TABLE 5 | Mediation analysis of the relationship between Hcy and DR by Cys.

Cys

Parameter estimate (95%CI) OR (95%CI) P

Total effect -0.0367 0.964 (0.932,0.998) 0.03564
Direct effect path c’ -0.0349 0.966 (0.932,1.000) 0.05175
Path a 0.2543 1.290 (1.227,1.355) < 0. 01
Path b -0.0143 0.986 (0.956,1.017) 0.36798
le
Adjusted for age, gender, body mass index., systolic blood pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, total
cholesterol, glycosylated hemoglobin, uric acid, serum creatinine.
Path c’ indicated the path from Hcy to DR (Outcome) when controlled for Cys (Mediator).
Path a indicated the path from Hcy to Cys (Mediator).
Path b indicated the path from Cys (Mediator) to DR (Outcome).
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healthy people was 7.8 mmol/L, and the Hcy concentration in
diabetic patients increased to 10.2 mmol/L. And the Hcy
concentration continued to increase in patients with DR (24).
Although this article does not conduct in-depth research on the
effect of lower concentrations of Hcy on the risk of DR, it is
basically consistent with the range of DR risk reduction in our
study. It can be seen that the effect of Hcy on the DR presents a
U-shaped curve. We believe that the possible reasons for the
discrepancy in the study results are as follows: 1. different
definitions of the normal range of Hcy in different studies (25).
2. The lower Hcy level in T2D patients than in healthy subjects in
this study is a partial reflection of the U-shaped curve for the
effect of Hcy on DR.
Frontiers in Endocrinology | www.frontiersin.org 8171
Hcy is an important intermediate product in the metabolism
of Met to Cys. In vivo, a part of Hcy will regenerate Met in
two ways: 1) Remethylation under the action of Met synthase
and VB12 to generate Met and Tetrahydrogen folic acid
(THFA). 2) is catalyzed by Betaine-homocysteine S-
methyltransferase to generate Met and dimethylglycine.
Another part forms cystathionine under the action of
cystathionine b-synthase (CBS) and VB6 through the trans-
sulfation pathway, and cystathionine forms Cys and a-
ketobutyric acid under the action of g-cystathionine lyase
(26, 27). This is the main metabolic process of Hcy in the
body. And the changes of Met and Cys in vivo also have
influence on Hcy.
FIGURE 4 | Mediation analysis of the relationship between Met and DR by Hcy. The mediation analysis adjusted for age, gender, body max index, systolic blood pressure,
diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine and serum creatinine.
FIGURE 5 | Mediation analysis of the relationship between Hcy and DR by Cys. The mediation analysis adjusted for age, gender, body max index, systolic blood
pressure, diastolic blood pressure, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglyceride, glycosylated hemoglobin, urinary creatinine
and serum creatinine.
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In the population grouped by Cys, low concentrations of
Cys showed a significant additive interaction on the protective
effect of Hcy on DR. It can be seen that low concentrations of
Cys enhance the protective effect of Hcy [total population
(OR: 0.83, 95%CI: 0.69-1), low Cys population (OR: 0.75, 95%
CI: 0.61-0.94)]. Cys is a sulfur-containing amino acid that
supports the occurrence of various reactions in the body, such
as the transformation and synthesis of proteins and
glutathione (GSH) (28). GSH is a tripeptide containing g-
amide bond and sulfhydryl, which has antioxidant and
detoxification effects and maintains normal immune
function of the body. Cys is indispensable in the synthesis of
GSH. Insufficient Cys can lead to decreased GSH levels in the
body, which in turn reduces the body’s antioxidant capacity,
leading to decreased immunity and aging of the body (29). It
can be seen that the protective effect is stronger in the
population with low Cys concentration, which means that
the Hcy level is relatively higher in the normal range of our
study. We believe that this additive effect on Hcy protection is
temporary. Some studies have found that when the
concentration of Hcy reaches about 10 mmol/L, the effect on
the microvascular disease of the body becomes a negative
effect (24). The conclusions obtained from our study are not in
conflict with the existing results. In addition, the blood
pressure of the case group was higher than that of the
control group, and the difference between the systolic blood
pressure was statistically significant. The result is consistent
with previous studies showing that elevated blood pressure is a
risk factor for diabetes and its complications (30, 31). Blood
pressure control can reduce the risk of the disease.

In addition, the population grouped by Met concealed the
heterogeneity of Hcy levels on the same pathway, making the
relationship between Hcy and DR no longer significant. We
think it is due to the mediating effect between Met, Hcy and DR
pathway. We found a positive correlation between Met and Hcy
concentration, indicating that the reduction of Met will
synchronously lead to the decrease of Hcy concentration in
individuals, and affect the difference of the real Hcy level in the
actual population.

There are some published papers that are inconsistent with our
results. We speculate that the heterogeneity of the population may
had an impact on the differences in results. In addition, our study
only reflects the relative changes of DR risk and does not represent
the actual protection threshold. And due to the different definitions
of population divisions, too low concentrations of Hcy may lead to
changes in other metabolites in the body, resulting in inconsistent
conclusions. In some published papers, most scholars use the
definition of high Hcy (>15 mmol/L) to divide the population (32,
33) to study the effect of high Hcy on the human body. Few scholars
have studied the relationship between the population with relatively
low Hcy concentration and the pathogenesis of DR. And our
research is based on this.

The accumulation of Hcy in the body may be caused by two
reasons: excessive production or abnormal metabolism of Hcy.
Disorders of Met metabolizing enzymes and Hcy metabolizing
enzymes (CBS, MS, MTHFR) can lead to disorders of Hcy
Frontiers in Endocrinology | www.frontiersin.org 9172
metabolism, resulting in elevated Hcy concentrations.
Similarly, vitamins B2, B6, B12 and folic acid are important
coenzymes in the process of Hcy metabolism, and deficiency of
these vitamins can lead to abnormal Hcy metabolism, resulting
in Hcy accumulation and causing HHcy (27). Studies have
found that DR patients generally have lower concentrations of
folic acid and VB12 (23), and folic acid is the main nutritional
factor affecting Hcy concentration (34). Vitamin D deficiency is
common in people with diabetes, and its deficiency increases
the risk of microvascular disease (35). The retina is rich in
polyunsaturated fatty acids and is very sensitive to oxidative
stress. As an antioxidant, vitamin C can play a protective role in
DR progression (36). In addition, studies have found that
although the relationship between vitamin A and DR has
shown inconsistent results in various countries, it has been
demonstrated that VA can significantly affect the development
of DR (37). So, we believe that the protective phenomenon of
Hcy in our study prompted other factors such as vitamin
deficiency, drug use or disease state caused by abnormal Hcy
metabolism. The use of metformin can reduce glycemia while
leading to the deficiency of folic acid and VB12. Meanwhile, the
metformin may affect Hcy metabolism, which in turn affects the
progression of DR (10). Therefore, it can be seen from our
research results that the progression of DR is not only the effect
of one certain factor, but also the result of the joint action of
many factors.

In addition, studies have found that when the population was
binarized by Hcy concentration, the difference in the prevalence
of DR between two groups was not statistically significant (25).
This phenomenon is related to our study, which indirectly
confirms that the risk of DR in the population with low Hcy
concentration is not lower than that in the high Hcy population.
It is suggested that we should consider the adverse effects of low
Hcy on the levels of other substances related to the pathogenesis
of DR in the human body.

Our research has important implications for clinical practice.
At present, the clinical significance of high Hcy is mostly
considered in clinical practice while little attention is paid to
the joint effect of other factors reflected by Hcy. The study
pointed out that the lower the level of Hcy in the body is not the
better, and we should pay attention to the changes of other
indicators reflected behind the low Hcy.

Our research also has shortcomings. First, due to the nature of
the cross-sectional study, we could not prove the existence of a
causal relationship, which requires more prospective cohort
studies to confirm. Considering that there is still a lack of
population studies on the Hcy pathway and the risk of DR,
our study which as a cross-sectional study with a larger sample
size, can provide certain etiological clues. DR caused by change
in Hcy concentration or the change of Hcy concentration caused
by DR in vivo have been a controversial topic in academic circles.
Secondly, because of a lack of vitamin concentration and drug
use, it is impossible to verify the effect of vitamins on this cycle,
and the effect of drugs on the relationship between Hcy and DR
cannot be determined either. Furthermore, our cases did not
distinguish the types of DR. The difference in Hcy concentrations
June 2022 | Volume 13 | Article 883845
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between patients with non-proliferating diabetic retinopathy
(NPDR) and proliferative diabetic retinopathy (PDR) has been
shown to be significant in some studies (24), and more detailed
and in-depth studies are needed on the concentration of Hcy in
patients with different types of DR.

In conclusion, we found an inverse relationship between low
concentrations of Hcy and the risk of DR in T2D patients,
suggesting that the influence curve of Hcy on DR may be U-
shaped. This relationship was mainly influenced by the interaction
of Cys in vivo and by changes in Met concentration. It may be a
reflection of the lack of indicators such as vitamins in the body.
Further experimental studies are needed to determine the role of
Hcy in the pathogenesis of DR.
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Purpose:We sought to reveal the expression profiles of transfer RNA-derived small RNAs
(tsRNAs) and microRNAs (miRNAs) in the vitreous humor of patients with proliferative
diabetic retinopathy (PDR).

Methods: Vitreous humor samples were obtained from PDR patients and a control group
for this study. Sequencing of small RNAs was conducted to assess the expression profiles
of tsRNAs and miRNAs in both groups, which was followed by validation using reverse
transcription-quantitative real-time polymerase chain reaction (RT-qPCR). Bioinformatics
analyses were conducted to predict the target genes and their potential biological
functions and signaling pathways.

Results: A total of 37 tsRNAs and 70 miRNAs with significant differences were screened
out from the vitreous humor samples of PDR patients compared to controls. Following
validation by RT-qPCR, the target genes of the validated tsRNAs and miRNAs were
predicted, and Gene Ontology analysis indicated that the target genes of the tsRNAs were
most enriched in the cellular macromolecule metabolic process, cytoplasm, and ion-
binding, while those of the miRNAs were most abundant in the regulation of major
metabolic process, cytoplasm, and protein-binding. In addition, Kyoto Encyclopedia of
Genes and Genomes pathway analysis showed that the target genes of said tsRNAs and
miRNAs were most enriched in the adenosine monophosphate-activated protein kinase
signaling pathway and Th17 cell differentiation, respectively.

Conclusions: The present study identified altered tsRNAs and miRNAs in vitreous humor
samples of PDR patients, which may play important roles in the pathogenesis of PDR and
could be considered potential therapeutic targets in the treatment of PDR.

Keywords: transfer RNA-derived small RNA, microRNA, proliferative diabetic retinopathy, retinal
neovascularization, vitreous humor
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INTRODUCTION

Diabetic retinopathy (DR) is a common complication of diabetes
mellitus (DM), which has become a major cause of global
blindness. With the aging of the population and the growing
number of diabetic patients, DR has become a serious public
health problem worldwide (1). As a more severe stage of DR,
proliferative DR (PDR) is defined by retinal neovascularization,
which may lead to serious loss of vision. Anti–vascular
endothelial growth factor (VEGF) drugs have been widely
app l i ed c l in i ca l l y to inh ib i t pa tho log i ca l r e t ina l
neovascularization in PDR patients (2). However, these anti-
VEGF drugs necessitate long-term repeated intravitreal
injections, which greatly increases the medical economic
burden. In addition, anti-VEGF drugs have a poor response in
a considerable number of patients, as they are not capable of
inhibiting all pathological neovascular tufts and may cause
serious local and systemic complications in some cases (3).
Ishikawa et al. identified gene-expression profile changes in the
fibrovascular membranes of PDR patients and indicated that
extracellular matrix–related molecules were involved in the
development of said fibrovascular membranes (4). However,
until now, the pathogenesis of PDR has remained unclear, and
there is an urgent need to further explore the molecular
mechanisms of retinal neovascularization in PDR and identify
novel therapeutic targets with good safety and effectiveness so as
to provide new methods for the diagnosis and treatment of PDR.

Recently, non-coding RNAs (ncRNAs) have emerged as
research hotspots in medical and molecular biological studies.
Although ncRNAs do not have the capability to translate genes
to proteins, their regulatory roles in various physiological and
pathological processes cannot be ignored (5). Small ncRNAs are
important ncRNAs measuring < 200 nucleotides in length that
include many types of RNAs, such as microRNAs (miRNAs),
transfer RNA–derived small RNAs (tsRNAs), small nuclear
RNAs, small nucleolar RNAs, and Piwi-interacting RNAs (6).

It has been reported that numerous miRNAs are involved in
the development of DR (7). For instance, miR-15b attenuates
angiogenesis by targeting VEGF (8), while miR-18a-5p inhibits
retinal neovascularization via the downregulation of FGF1 and
HIF1A (9). On the other hand, another study indicated that miR-
409-5p enhances retinal angiogenesis in DR (10).

Unlike miRNAs, tsRNAs are a novel type of small ncRNA
that have been much less frequently explored. tsRNAs are
derived from transfer RNAs and play regulatory roles in many
biological processes and diseases (11, 12). According to the
varying cleavage positions of precursor or mature tRNA
transcripts, tsRNAs can be classified into 2 main subtypes,
which are tRNA-derived fragments and tRNA-derived stress-
induced RNAs (11). It has been revealed that tsRNAs contribute
to different mechanisms in cancer, neurological disorders, and
viral infections and can also serve as biomarkers for disease
diagnosis and prognosis (13). We previously identified
alterations in tsRNA expression profiles in mouse models of
laser-induced choroidal neovascularization (14) and oxygen-
induced retinopathy (OIR) (15). Although the OIR mouse
model is widely used in the investigation of hypoxia-induced
Frontiers in Endocrinology | www.frontiersin.org 2176
retinal neovascular diseases (16), the process of OIR modeling is
very different from the clinical situation of PDR pathogenesis.
Zhang et al. compared expression profiles of circular RNAs
(circRNAs) in vitreous humor samples of patients with PDR
and non-DM patients (17). Therefore, it is meaningful to reveal
the expression profiles and possible functions of tsRNAs in
clinical samples (such as vitreous humor samples) collected
from patients with PDR.

In this study, we collected vitreous humor samples from PDR
patients and controls, who were idiopathic macular hole (IMH)
patients without DM. To identify the altered tsRNAs and
miRNAs in samples from PDR patients, small RNA
sequencing was conducted followed by validation with reverse
transcription-quantitative real-time polymerase chain reaction
(RT-qPCR). In addition, bioinformatics analyses were performed
to predict the target genes and their potential biological functions
and signaling pathways.
MATERIALS AND METHODS

Collection of Clinical Samples
Vitreous humor samples were collected from PDR patients and
non-DM patients with IMH during plana vitrectomy surgeries.
We diagnosed PDR by recognizing retinal neovascular tufts,
vitreous hemorrhage, and fibrovascular membranes. Samples
were collected from patients with severe vision loss because of
PDR-induced vitreous hemorrhage, aged 50-70 years old, and
patients were excluded when they had (1) PDR combined with
neovascular glaucoma and rhegmatogenous retinal detachment;
(2) a history of other vitreoretinal diseases, such as retinal vascular
occlusion and age-related macular degeneration; (3) a history of
intraocular surgery, laser treatment, or intravitreal injection
medicine (including anti-VEGF and dexamethasone); (4) a
history of systemic disease, including infectious, inflammatory,
autoimmune, or immunosuppressive diseases and uncontrolled
hypertension; (5) a history of myocardial infarction or
cerebrovascular accidents, and coagulation abnormality or
current use of an anticoagulative medication. The exact
conditions and surgical indications of the included PDR patients
were listed in Supplementary Table 1. Non-DM patients with
IMH were considered to be the control group. A total of 1 mL of
vitreous humor was collected from each individual, then stored in
a refrigerator at -80°C after a quick freeze in liquid nitrogen.

This study adhered to the tenets of the Declaration of Helsinki,
and the protocol of this studywas approved by the ethics committee
of the Second Xiangya Hospital of Central South University
(number: 2021LY037). Informed consent was obtained from all
participants before their recruitment into the study.

RNA Isolation From the Vitreous Humor
RNA was isolated from vitreous humor samples using a Trizol
RNA extraction kit (Invitrogen, Carlsbad, CA,USA). The integrity
and quantity of each RNA sample were assessed by agarose gel
electrophoresis and NanoDrop ND-1000 spectrophotometry
(Thermo Fisher Scientific, Waltham, MA, USA).
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Library Preparation, Small RNA
Sequencing, and Data Analysis
The protocols of library preparation, small RNA sequencing, and
data analysis were adopted as previously described (14). In brief,
first, total RNA was sequentially ligated to 3’ and 5’ small RNA
adapters for each sample. Second, complementary DNA (cDNA)
synthesis and amplification were conducted using Illumina’s
proprietary RT primers and amplification primers. Third,
PCR-amplified fragments (~134–160 bp) were extracted from
the polyacrylamide gel electrophoresis gel and purified. Finally,
the completed libraries were quantified by the Agilent 2100
bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The
libraries were denatured and diluted to a loading volume of 1.3
mL and loading concentration of 1.8 pM. Diluted libraries were
loaded onto a reagent cartridge and forwarded for a sequencing
run on the Illumina NextSeq 500 system using the NextSeq 500/
550 V2 kit (Illumina, San Diego, CA, USA). Raw sequencing
data, which were generated from the Illumina NextSeq 500 and
passed the Illumina chastity filter, were used for the following
analysis, and we also calculated the expression profiles of tsRNAs
and miRNAs. The raw data of the small RNA sequencing were
deposited in Gene Expression Omnibus database (Accession
No. GSE199852).

Validation by RT-qPCR
The small RNA sequencing results were validated by RT-qPCR.
To assess the expression of tsRNAs, RNA pre-treatment was
performed by using the rtStar™ tRF and tiRNA pre-treatment
kit (Arraystar, Rockville, MD, USA); then, the samples were
transcribed into cDNA utilizing rtStar™ First-Strand cDNA
Synthesis Kit (3’ and 5’ adaptor) (Arraystar). RT-qPCR was
performed using 2 × PCR Master Mix (Arraystar) on the
QuantStudio™ 5 real-time PCR system (Applied Biosystems,
Foster City, CA, USA).

To evaluate miRNA expression levels, RNA was transcribed
into cDNA using M-MuLV reverse transcriptase (Enzymatics,
Beverly, MA, USA) as directed by the manufacturer with the
Gene Amp PCR system 9700 (Applied Biosystems). RT-qPCR
was performed using the ViiA 7 real-time PCR system (Applied
Biosystems) with 2 × PCR Master Mix (Arraystar).
Frontiers in Endocrinology | www.frontiersin.org 3177
The reaction conditions of the 2 experiments were as follows:
incubation at 95°C for 10 min, incubation at 95°C for 10 s, and
incubation at 60°C for 60 s, with 40 cycles. Expression levels were
calculated with a 2−DDCt method (18) and normalized with U6.
Primer sequences are shown in Tables 1, 2.

Target Gene Prediction, Gene Ontology
(GO), and Kyoto Encyclopedia of Genes
and Genomes (KEGG) Pathway Analyses
The target prediction databases of miRanda and TargetScan were
used to predict the target genes of validated miRNAs, and the
common algorithms were used to predict the target genes of
validated tsRNAs. The GO (http://www.geneontology.org/) and
KEGG (http://www.genome.jp/kegg/) databases were used to
predict the potential biological functions and involved
pathways of the target genes.

Statistical Analyses
Data from small RNA sequencing were evaluated using counts
per million reads mapped (CPM). The CPM values of the PDR
group and the control group were calculated using a negative
binomial generalized linear model, and p values were evaluated
using a negative binomial distribution. A fold change ≥ 1.5 and p
< 0.05 were used to screen for altered tsRNAs and miRNAs. RT-
qPCR results were expressed as mean ± standard error of the
mean values, and Student’s t-test was used to evaluate the
statistical difference. In all cases, p < 0.05 was considered to be
statistically different.
RESULTS

Clinical Characteristics of the Enrolled
Subjects
Eight patents were included in this study, including 4 PDR
patients and 4 non-DM patients with IMH as controls,
respectively. The demographic features of the recruited patients
are shown in Table 3. There was no significant difference in age,
gender, body mass index, or intraocular pressure between the
groups. However, the fasting blood glucose level in the PDR
TABLE 1 | The sequences of primers used for RT-qPCR validation of tsRNAs.

tsRNA Primer sequence Tm (°C) Product length (bp)

U6 F:5’GCTTCGGCAGCACATATACTAAAAT3’
R:5’CGCTTCACGAATTTGCGTGTCAT3’

60 89

tRF-57:75-Pro-AGG-1-M7 F:5’AGTCCGACGATCAATCCCG3’
R:5’CTCTTCCGATCTTGGGGGC3’

60 43

tRF-1:24-Val-AAC-1-M7 F:5’CGATCGTTTCCGTAGTGTAGTG3’
R:5’GTGTGCTCTTCCGATCTTGATA3’

60 46

tRF-+1:T16-Thr-TGT-2 F:5’CGACGATCCCTGTTGGCTTA3’
R:5’GACGTGTGCTCTTCCGATCTAA3’

60 44

tRF-56:72-chrM.Val-TAC F:5’AGTTCTACAGTCCGACGATCCTT3’
R:5’TTCCGATCTTGGTCAGAGCG3’

60 46

tRF-57:76-Tyr-GTA-1-M2 F:5’CTACAGTCCGACGATCGAATCC3’
R:5’GCTCTTCCGATCTTGGTCCTT3’

60 49

tRF-55:76-Arg-ACG-1-M2 F:5’GATCTCGACTCCTGGCTGGC3’
R:5’TGTGCTCTTCCGATCTTGGC3’

60 42
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group was significantly higher than that of the control group. All
patients in the PDR group had type 2 diabetes with an average
disease duration of 12.50 ± 3.70 years, and the glycated
hemoglobin value of the PDR group was 8.20% ± 1.75%.

Catalog of tsRNA Expressions in Vitreous
Humor Samples
A principal component analysis plot was used to overview the
small RNA sequencing data and revealed an obvious distinction
between the groups (Figure 1A). The Venn diagram in
Figure 1B demonstrates that, in total, 450 kinds of tsRNAs
were detected in this study, of which 67 tsRNAs are known from
the tRFdb database. As shown in Figure 1C, 169 tsRNAs were
commonly expressed in both PDR and control samples, 123
tsRNAs were only expressed in PDR samples, and 76 were only
expressed in control samples (CPM ≥ 20).

The pie chart shows the distribution of each expressed tsRNA
subtype (Figures 1D, E). A total of 38 tRF-1, 7 tRF-2, 52 tRF-3a, 38
tRF-3b, 50 tRF-5a, 23 tRF-5b, 66 tRF-5c, 1 tiRNA-3, and 17 tiRNA-
5 RNA(s) were identified in the PDR group (Figure 1D). On the
other hand, 27 tRF-1, 7 tRF-2, 48 tRF-3a, 34 tRF-3b, 39 tRF-5a, 19
tRF-5b, 57 tRF-5c, and 14 tiRNA-5 RNAs were identified in the
control group, while no tiRNA-3 RNAwas recognized (Figure 1E).
The numbers of subtype tsRNAs against tRNA isodecoders of the
PDR group and control group are also shown (Figures 1F, G).
Frontiers in Endocrinology | www.frontiersin.org 4178
Altered Expression Profiles of tsRNAs and
miRNAs in Vitreous Humor Samples of
PDR Patients
To reveal the expression alterations of tsRNAs and miRNAs in
the vitreous humor samples from PDR patients, a threshold of a
fold change ≥ 1.5 and p < 0.05 were applied to identify the
significantly different expressions.

The variation in tsRNA expression levels between the PDR
and control groups is shown as a scatterplot (Figure 2A) and a
volcano plot (Figure 2C). The results indicated that 20 tsRNAs
were up-regulated and 17 were down-regulated in the PDR
group compared to the control group (Figure 2E). The top 10
up- and down-regulated tsRNAs are listed in Table 4. In
particular, tRF-1:22-chrM.Ser-GCT and tRF-+1:T24-Leu-AAG-
1 were the most significantly up- and down-regulated tsRNAs in
the PDR group, respectively.

In addition, the variation in miRNA expression levels
between the PDR and control groups is shown as a scatterplot
(Figure 2B) and a volcano plot (Figure 2D). As shown in the
heatmap, 34 and 36 miRNAs were significantly increased and
decreased in the PDR samples, respectively (Figure 2F). The top
10 up- and down-regulated miRNAs are listed in Table 5.
According to the fold changes, hsa-miR-6734-5p and hsa-miR-
1297 were the most significantly up- and down-regulated
miRNAs in the PDR group, respectively.
TABLE 3 | Clinical characteristics of included subjects of the study.

Characteristics PDR Group (n=4) Control Group (n=4) P-value

Age (y) 58.00 ± 4.83 59.75 ± 6.85 0.691
Gender (male/female) 2/2 2/2 –

Diabetic duration (y) 12.50 ± 3.70 n.a. –

BMI (kg/m2) 21.77 ± 4.48 23.03 ± 4.25 0.698
Fasting blood glucose (mmol/L) 8.02 ± 1.45 4.94 ± 0.23 0.006**
HbA1c% 8.20 ± 1.75 n.a. –

IOP (mmHg) 17.00 ± 1.41 17.00 ± 1.41 1.000
July 2022 | Volume 13 | Article
BMI, Body Mass Index; HbA1c, glycated hemoglobin; IOP, Intraocular Pressure. **p < 0.01, na; no applicable.
TABLE 2 | The sequences of primers used for RT-qPCR validation of miRNAs.

miRNA Primer sequence Tm (°C) Product length (bp)

U6 F:5’GCTTCGGCAGCACATATACTAAAAT3’
R:5’CGCTTCACGAATTTGCGTGTCAT3’

60 89

hsa-miR-889-3p GSP:5’GGGGGTTAATATCGGACAAC3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 64

hsa-miR-939-5p GSP:5’GTGGGGAGCTGAGGCTCT3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 63

hsa-miR-1469 GSP:5’AATCTCGGCGCGGGG3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 63

hsa-miR-4755-3p GSP:5’GCAGCCAGGCTCTGAAGG3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 62

hsa-miR-411-5p GSP:5’GGACAGCAGACCGCACAG3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 62

hsa-miR-369-3p GSP:5’GGGGAATAATACATGGTTG
R:5’CAGTGCGTGTCGTGGA3’

60 65

hsa-miR-181d-5p GSP:5’GGGGCATTCATTGTTGTCG3’
R:5’GTGCGTGTCGTGGAGTCG3’

60 63

hsa-miR-125a-5p GSP:5’GCTCCCTGAGACCCTTTA3’
R:5’CAGTGCGTGTCGTGGAGT3’

60 66
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Validation of the Altered tsRNAs and
miRNAs by RT-qPCR
To validate the reliability of the small RNA sequencing, RT-
qPCR was performed to assess the expressions of selected
tsRNAs and miRNAs. As shown in Figure 3A, tRF-57:75-Pro-
AGG-1-M7, tRF-1:24-Val-AAC-1-M7, tRF-+1:T16-Thr-TGT-2,
tRF-57:76-Tyr-GTA-1-M2, and tRF-55:76-Arg-ACG-1-M2 were
significantly increased in the PDR samples compared to the
control samples, while tRF-56:72-chrM.Val-TAC was
significantly decreased. In addition, the expression levels of
hsa-miR-889-3p, hsa-miR-939-5p, hsa-miR-4755-3p, hsa-miR-
411-5p, hsa-miR-369-3p, hsa-miR-181d-5p, and hsa-miR-125a-
5p were significantly enhanced, while that of hsa-miR-1469 was
dramatically attenuated in the PDR samples (Figure 3B). The
results of RT-qPCR indicated that the trend of these changes
were similar to the results of the small RNA sequencing.
Frontiers in Endocrinology | www.frontiersin.org 5179
Target Gene Prediction
To illustrate the prediction of ncRNA-messenger RNA (mRNA)
interaction, target gene networks of the validated tsRNAs and
miRNAs were constructed according to the databases (miRanda
and TargetScan). In total, there were 2,950 target genes
associated with the 6 validated tsRNAs by 3,195 edges
(Supplementary Figure 1), while 700 target genes were
associated with 7 of the 8 altered miRNAs by 721 edges
(Supplementary Figure 2).
GO and KEGG Analyses of the
Target Genes
To further identify the potential biological functions and involved
signaling pathways of the predicted target genesmentioned above,
GO and KEGG analyses were performed. The GO analysis
A B

D E

F G

C

FIGURE 1 | Catalog of tsRNA expressions in vitreous humor samples. (A) Primary component analysis was performed by principal component analysis, which was
conducted using tsRNAs. (B) The Venn diagram shows the number of detected tsRNAs and the known tsRNAs. (C) The Venn diagram shows the number of
commonly expressed and specifically expressed tsRNAs in the PDR (disease) and control groups. (D, E) Pie charts display the numbers of different tsRNA subtypes
in the PDR (D) and control (E) groups. (F, G) Different subtype distributions of tsRNAs in the PDR (F) and control (G) groups.
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indicated that the target genes of these 6 tsRNAs were most
enriched in the cellular macromolecule metabolic process,
cytoplasm, and ion-binding (Figure 4A), while the target genes
of the 7 miRNAs were most enriched in the regulation of primary
metabolic process, cytoplasm, and protein-binding (Figure 5A).
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On the other hand, the KEGG pathway analysis demonstrated
that the target genes of those tsRNAs were most enriched in the
adenosine monophosphate–activated protein kinase (AMPK)
signaling pathway (Figure 4B), while those of tsRNAs were
most enriched in Th17 cell differentiation (Figure 5B).
TABLE 4 | Top 10 up- and down-regulated tsRNAs in vitreous humor samples of PDR patients.

tsRNA Type Length Regulation log2FC P-value

tRF-1:22-chrM.Ser-GCT tRF-5b 22 up 8.443880 0.001304
tRF-+1:T25-Leu-CAG-1-6 tRF-1 25 up 8.389052 0.021170
tRF-1:31-Ser-AGA-1-M6 tRF-5c 31 up 8.227896 0.027329
tRF-61:77-Ile-AAT-2-M3 tRF-3a 17 up 8.032453 0.035820
tRF-1:14-chrM.Ala-TGC tRF-5a 14 up 7.939212 0.038880
tRF-56:77-Thr-AGT-3 tRF-3b 22 up 7.838917 0.042854
tiRNA-1:20-chrM.Ser-GCT tiRNA-5 20 up 7.829087 0.043066
tRF-1:16-Leu-TAA-1 tRF-5a 16 up 7.715198 0.047983
tRF-57:76-Tyr-GTA-1-M2 tRF-3b 20 up 6.988874 0.011771
tRF-68:86-Leu-CAG-1 tRF-3b 19 up 6.693507 0.044548
tRF-+1:T24-Leu-AAG-1 tRF-1 24 down -8.688740 0.013120
tRF-1:14-Tyr-GTA-1-M7 tRF-5a 14 down -8.215016 0.028057
tRF-56:75-Thr-CGT-2-M2 tRF-3b 20 down -8.058716 0.034978
tRF-56:75-Gln-CTG-2 tRF-3b 20 down -8.035050 0.035697
tRF-55:75-Gln-TTG-1-M2 tRF-3b 21 down -7.998365 0.036983
tRF-1:32-Gly-TCC-3 tRF-5c 32 down -7.757781 0.010194
tRF-66:86-Leu-CAG-1 tRF-3b 21 down -7.756151 0.046285
tRF-58:76-Tyr-ATA-1 tRF-3b 19 down -7.679754 0.049904
tRF-56:72-chrM.Val-TAC tRF-3a 17 down -7.679407 0.002737
tRF-1:28-Glu-TTC-2 tRF-5c 28 down -7.138055 0.002093
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FIGURE 2 | Altered expression profiles of tsRNAs and miRNAs in vitreous humor samples from PDR patients compared to controls. (A, B) The scatterplots of
altered tsRNAs (A) and miRNAs (B). The red and green dots represent the up- and down-regulated tsRNAs/miRNAs, respectively (fold change ≥ 1.5). (C, D) The
volcano plots of significantly altered tsRNAs (C) and miRNAs (D). The red and green dots represent the significantly up- and down-regulated tsRNAs/miRNAs,
respectively (fold change ≥ 1.5, p < 0.05). (E, F) A heatmap and hierarchical clustering analysis of significantly altered tsRNAs (E) and miRNAs (F) in vitreous humor
samples of the PDR and control groups.
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DISCUSSION

Evidence has accumulated that ncRNAs, including miRNAs,
long ncRNAs (lncRNAs), and circRNAs, have an essential role
in the occurrence and development of DR (19). Several miRNAs,
such as hsa-miR-3184-3p, hsa-miR-24-3p, and hsa-miR-197-3p,
are overexpressed in the vitreous humor of PDR patients, and
intravitreal injection of anti-VEGF drugs inhibits the increase of
these miRNAs (20). Despite the direct regulatory actions of
target genes on mRNA expression levels, miRNAs also serve as
targets of the competitive endogenous RNA (ceRNA) network,
which is constructed using lncRNAs or circRNAs (21). For
example, knockdown of the lncRNA TUG1 inhibited the
migration and tube-formation capabilities of retinal
microvascular endothelial cells under high glucose-stimulation
by targeting miR-145; in other words, lncRNA TUG1 serves as a
ceRNA by sponging miR-145 (22).

Compared to miRNAs, tsRNAs are novel and remain more
unknown. It has been reported that the tsRNA tRF-Gly-GCC is
involved in the pathogenesis of atherosclerosis via functional
Frontiers in Endocrinology | www.frontiersin.org 7181
regulation in human umbilical vein endothelial cells and vascular
smooth muscle cells (23). Until now, few studies have
investigated the role of tsRNAs in ocular disorders.

In this study, the expression profiles of tsRNAs and miRNAs
were assessed in vitreous humor samples of PDR and control
patients by small RNA sequencing, followed by RT-qPCR. In
addition, bioinformatics analysis revealed the predicted
biological functions and involved pathways of the target genes.

As GO analysis indicated (Figures 4A, 5A), metabolic
processes were involved in the target genes of both tsRNAs
and miRNAs. Our previous study reported different levels of
metabolites (especially amino acids and their derivatives) in
retinal tissues of an OIR mouse model, and the impact on the
metabolite changes may be a long-term one (24). It has been
demonstrated that the metabolic profiles of plasma and vitreous
humor are significantly altered in PDR patients (25–27). Thus, it
is interesting to further study the correlations of altered tsRNAs/
miRNAs and the changes in metabolites in PDR.

AMP-activated protein kinase (AMPK) pathway activation is a
well-knownmechanism which plays dual roles in angiogenesis (28).
A B

FIGURE 3 | RT-qPCR validation of the significantly altered tsRNAs and miRNAs. (A) Relative expression levels of the tsRNAs by RT-qPCR. (B) Relative expression
levels of the miRNAs by RT-qPCR. *, p < 0.05; **, p < 0.01.
TABLE 5 | Top 10 up- and down-regulated miRNAs in vitreous humor samples of PDR patients.

miRNA Length Regulation log2FC P-value

hsa-miR-6734-5p 23 up 9.899317 0.002366
hsa-miR-4755-3p 22 up 9.221942 0.006720
hsa-miR-518f-5p 22 up 8.592911 0.024083
hsa-miR-137-3p 23 up 8.523897 0.026054
hsa-miR-369-5p 22 up 8.305219 0.029994
hsa-miR-6877-5p 22 up 8.050634 0.037353
hsa-miR-1287-5p 22 up 8.022825 0.036348
hsa-miR-6794-5p 20 up 8.010205 0.017993
hsa-miR-642b-3p 22 up 7.999533 0.035298
hsa-miR-1297 17 up 7.998397 0.040450
hsa-miR-4316 17 down -11.741562 0.010238
hsa-miR-1183 27 down -10.871765 0.000252
hsa-miR-11401 20 down -10.267196 0.000981
hsa-miR-7156-5p 23 down -10.073930 0.002273
hsa-miR-520g-5p 23 down -9.785546 0.004598
hsa-miR-5693 22 down -9.448693 0.009282
hsa-miR-501-5p 22 down -9.374017 0.009450
hsa-miR-99a-3p 22 down -9.260094 0.010906
hsa-miR-1323 22 down -9.232822 0.008348
hsa-miR-2278 22 down -9.115166 0.013852
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AMPK pathway also regulates metabolism and protects cells from
pathogenic alterations in DR (29). It has been reported that the
AMPKsignalingpathway is involved in theetiopathogenesisofmany
ocular diseases, including DR (30). Song et al. demonstrated that
stimulation of AMPK signaling pathway attenuate diabetes-induced
photoreceptor degeneration through regulation of autophagy and
mitochondrial function (31). AMPK phosphorylation is required in
the regulation of HMGB1 induced by Epac1 in the diabetic retinal
vasculature (32). In this study, we identified the AMPK signaling
pathway as a leading enriched pathway associated with the altered
tsRNAs (Figure 4B), which also suggested that these tsRNAs might
have regulatory functions in the pathogenesis of DR.

It has been revealed that the Th17 immune response as well as
the related cytokines (such as IL-17 and IL-23) play important
regulatory roles in retinal neovascular diseases (33, 34). Th17
immune response may also be involved in promoting functional
Frontiers in Endocrinology | www.frontiersin.org 8182
and morphological changes in retinas of spontaneously
developing diabetes (35). Th17 cell differentiation is a leading
enriched pathway of the target genes of the altered miRNAs in
this study, it is also interesting to explore the potential roles of
these miRNAs associated with Th17 immune response.

This is an innovational study to report the expression profiles
of tsRNAs from human clinical samples of PDR, which indicated
a huge alteration of tsRNAs in the vitreous humor of PDR
patients. Moreover, this study also predicted the target genes of
the significantly changed tsRNAs, as well as the potential
biological functions and involved pathways, which shed light
on future investigations into the roles and mechanisms of those
specific tsRNAs in PDR pathogenesis.

Limitations exist in this study. First, IMH patients were
included as the control group, and their vitreous humor might
be different from the normal population. Second, it is necessary
A B

FIGURE 5 | The GO and KEGG analyses by target genes of miRNAs. The GO analysis (A) and KEGG pathway analysis (B) of targets based on 7 validated tsRNAs.
A BB

FIGURE 4 | The GO and KEGG analyses by target genes of tsRNAs. The GO analysis (A) and KEGG pathway analysis (B) of targets based on 6 validated tsRNAs.
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to increase the number of included subjects to validate the altered
tsRNAs and miRNAs. Third, functional experiments are
necessary to further explore the roles and mechanisms of the
altered tsRNAs and miRNAs in PDR pathogenesis.

In conclusion, the present study indicated the altered expression
profiles of tsRNAs and miRNAs, and the significantly altered
tsRNAs and miRNAs, as well as the predicted signaling pathways,
might be involved in the development and pathogenesis of PDR.
Therefore, these tsRNAs/miRNAs have a potential for clinical
application and could become novel therapeutic targets in the
treatment of PDR.
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This study aimed to investigate the prevalence of age-related macular degeneration

(AMD) in patients with diabetes mellitus (DM) and diabetic retinopathy (DR) and analyze

whether DR is a risk factor for AMD. This population-based epidemiological study

included 14,440 people from the Kailuan Eye Study in 2016, of whom 1,618 were

patients with type 2 DM aged over 50 years, and 409 had DM with DR. We analyzed

whether there were differences in the prevalence of AMD between DM with DR and

DM without DR, and conducted a hierarchical statistical analysis according to different

stages of DR. Using variable regression analysis, we explored whether DR constituted a

risk factor for AMD. In the DM population, the prevalence of wet AMD in patients with

DM with and without DR was 0. 3 and 0.2%, respectively, with no significant difference

(P = 0.607). Meanwhile, the prevalence of dry AMD in patients with DM with and without

DR was 20.8 and 16.0%, respectively, with a significant difference. In the subgroup

analysis of dry AMD, the prevalence of early, middle, and late dry AMD in DMwith DR was

14.4, 5.9, and 0.5%, respectively. In DM without DR, the prevalence of early, middle, and

late dry AMD was 10.5, 4.8, and 0.7%, respectively (P= 0.031). In the subgroup analysis

of DR staging, statistical analysis could not be performed because of the limited number

of patients with PDR. In the variable regression analysis of risk factors for dry AMD, after
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adjusting for age, sex, body mass index, hypertension, and dyslipidemia, DR constituted

the risk factor for dry AMD. In conclusion, DM did not constitute a risk factor for AMD,

and the prevalence of wet AMD and dry AMD in patients with DM and DRwas higher than

that in patients with DM without DR (among which dry AMD was statistically significant).

Multivariate regression analysis confirmed that DR is an independent risk factor for dry

AMD. Reasonable control of DM and slowing down the occurrence and development of

DR may effectively reduce the prevalence of AMD in patients with DM.

Keywords: diabetes mellitus, diabetic retinopathy, age-related macular degeneration, prevalence, epidemiology

INTRODUCTION

Diabetes mellitus (DM), a metabolic disorder, can affect multiple
systems of the body. The eye is an important organ that can
be affected by DM, and almost every ocular structure may
be involved. Diabetic retinopathy (DR), which seriously affects
visual function, is associated with the progression of DR and
DM. The prevalence of DR increases with the duration of DM.
After 10–15 years from the diagnosis of DM, patients develop DR
(1). The prevalence of DM has increased in both developing and
developed countries (1).

In China, the prevalence of DM increased from <1% in 1980
to 11.6% in 2013, with 114 million people affected (2). As a major
complication of DM, DR is the leading cause of blindness in
the working-age population. The duration of DM and glycemic
control levels have a major effect on the development of DM
complications. The prevalence of DR increases with the aging
of the Chinese population. In the adult DM population in
northern China, the prevalence of DR is as high as 37.1–43.1%,
that is, more than one-third of patients with DM have DR, of
which the prevalence of DR threatening vision is 5–6.3%. As an
irreversible blinding eye disease, DR is a heavy burden on society
and families (3–6).

However, more attention should be paid to age-related
macular degeneration (AMD). AMD can be dry (non-exudative)
or wet (exudative). The late stages of AMD include geographic
atrophy (GA) and wet AMD. Globally, AMD is the leading cause
of blindness in people over 50 years of age. Moreover, 8.7% of
the worldwide population has AMD, and the projected number
of people with the disease is approximately 196 million in 2020
and 288 million in 2040 (7, 8). Epidemiological studies on the
prevalence of AMD in northern China show that the prevalence
of early AMD is 1.4%-3.0%, and that of late AMD is 0.1–0.2% (9–
11). The treatment of advanced AMD is difficult and expensive,
placing a heavy economic burden on families and society.

As the country with the largest population in the world,
China has begun to enter an aging society. Visual quality is
an important aspect of improving the sense of acquisition of
quality of life in the elderly. DR and AMD, two important
blinding eye diseases, seriously affect the quality of life of
patients, and their prevention and treatment are urgently
needed. Patients with DM will eventually reach the age
group of more than 50 years. What are the results when
the two diseases are superimposed? The conclusions drawn
from different studies were controversial. Some studies have

shown that DM and DR can increase the prevalence of AMD
(12–21), whereas some have shown that DM and DR are
not related to the onset of AMD (22–27) and that DM or
DR might be protective factors against AMD (28–32). The
research methods adopted, such as epidemiological research,
medical insurance data, case-control, sampling population,
age setting, disease classification, and staging standards, the
number of cases, and race, may have affected the differences in
research conclusions.

This population-based epidemiological study in northern
China aimed to explore the relationship between the prevalence
of AMD in DR and non-DR populations and provide a scientific
basis for the comprehensive prevention and control of the two
ocular diseases with a high blindness rate.

MATERIALS AND METHODS

The Kailuan Eye Study was introduced previously (33–36). This
retrospective cross-sectional study included 14,440 people who
had undergone ophthalmologic and general examinations from
the longitudinal Kailuan Study in 2016.

The body mass index (BMI) was calculated for all study
participants. BP was assessed with the participants sitting
for at least 5min. Blood samples were collected under
fasting conditions to determine the blood glucose, high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), triglyceride (TC), and total cholesterol
(TG) concentrations.

Ophthalmological examinations included measurement
of visual acuity, intraocular pressure, and slit-lamp-assisted
biomicroscopy of the eye. Using a non-mydriatic fundus camera
(CR6-45NM; Canon, Inc, Osta, Tokyo, Japan), we obtained
two 45◦ fundus photographs centered on the optic nerve
head and macula. If the pupil diameter did not allow fundus
photography with sufficient photographic quality, the pupil
was dilated medically by applying eye drops containing 0.5%
tropicamide and 0.5% phenylephrine hydrochloride. Using
fundus photographs, DR was assessed in a masked manner
without knowledge of other ocular or systemic parameters of the
study participants. Both eyes were evaluated.

The diagnosis of DM was based on any of the following three
criteria: measurement of the fasting blood glucose concentration
of 7.0mM, a self-reported history of DM, or a history of
medication with hypoglycemic agents.
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The diagnostic criteria for hypertension were blood pressure
of≥140/90 mmHg, positive history of hypertension, or the use of
antihypertensive drugs.

The clinical classification of hyperlipidemia included
hypercholesterolemia (TC≥6.2 mmol/L), hyperglycemia
(TG≥2.3 mmol/L), mixed hyperlipidemia (TC ≥6.2 mmol /L
and TG≥2.3 mmol/L), and low HDL-C levels (<1.0 mmol/L).

The diagnostic criteria for BMI were based on the guidelines
for prevention and control of overweight and obesity in Chinese
adults as follows: underweight (BMI, <18.5 kg/m2), normal
(BMI, 18.5–23.9 kg/m2), overweight (BMI, 24.0–27.9 kg/m2),
obese (BMI, ≥28 kg/m2).

The diagnostic criteria for AMD were based on the Beckman
Macular Research Classification System. The lesions were
assessed within two optic disc diameters of the fovea of
either eye. AMD was classified as follows: no apparent aging
changes (no drusen and no AMD pigmentary abnormalities),
normal aging changes (small drusen of ≤ 63γm and no AMD
pigmentary abnormalities), early AMD (medium drusen of >

63 γm, ≤125 γm, and no AMD pigmentary abnormalities),
intermediate AMD (large drusen of >125 γm or any AMD
pigmentary abnormalities), and late AMD (neovascular AMD or
any geographic atrophy).

DR grading was performed according to the Early Treatment
of Diabetic Retinopathy Study (ETDRS) criteria. DR severity was
graded as mild non-proliferative DR (20 ETDRS levels of <43
with at least one microaneurysm), moderate non-proliferative
DR (43 ETDRS levels of <53), severe non-proliferative DR (53
ETDRS levels of <61), and proliferative DR (ETDRS level of
61). An experienced and trained ophthalmologist assessed the
photographs. In cases of doubt, photographs were reassessed by
a panel that included several ophthalmologists.

Statistical analysis was performed using the R software. The
results were expressed asmean and standard deviation or asmean
and 95% CI. Logistic regression models were used to estimate the
odds ratios (ORs) and their 95% CIs for each risk factor for DR.
Statistical significance was set at P < 0.05.

Ethics Statement
This study adhered to the tenets of the Declaration of Helsinki.
The Medical Ethics Committee of Beijing Tongren Hospital
approved the study protocol, and informed consent was obtained
from all patients after an explanation of the nature and possible
consequences of the study.

RESULTS

A total of 14,440 participants were enrolled in the Kailuan Eye
Study, of whom 9,627 were older than 50 years old. Fifteen
were excluded for having type 1 DM and 717 for an unclear
diagnosis of AMD. Finally, 8,895 were included in the analysis
group. Among them, the number of patients with type 2 DM
was 1,618, 409 of whom had DM combined with DR, and
1,191 had DM without DR, excluding 18 people diagnosed with
unclear DR. The prevalence of DM aged 50 years was 16.83%.
The prevalence of DR was 25.28% in the population with DM
aged > 50 years (Figure 1).

Notably, among the 7,277 non-DM participants, 13 were
excluded from image unrecognition, and 259 people were found
to have DR image characteristics, including microaneurysm,
retinal hemorrhage, hard exudation, cotton–wool, and retinal
neovascularization, in the non-DM group, with a prevalence of
3.56%. There are two possibilities; one is that in epidemiological
field screening, although the random blood glucose level is
normal, there may be abnormal glucose tolerance or low insulin
function; and another reason is that the current diagnostic
criteria for DM are not suitable for this group of people; that is,
the blood glucose level for the normal population is already high.

The Prevalence of AMD in Diabetic and
Non-DM Participants
The prevalence of wet and dry AMD was 0.5% and 16.4%,
respectively, in the non-DM population (7,277 people). In the
patients with type 2 DM (1,618 people), the prevalence of wet
AMD and dry AMD was 0.3 and 17%, respectively. There was
no significant difference in the prevalence of wet and dry AMD
between the diabetic and non-diabetic participants.

In a staging study of dry AMD, the prevalence of dry AMD
in the early, middle, and late stages without DM was 11.7,
4.4, and 0.3%, respectively. The prevalence of dry AMD in the
early, moderate, and late stages of DM was 11.4, 5, and 0.6%,
respectively, with no significant differences (Table 1).

The Prevalence of AMD in DM With DR and
DM Without DR
In the population with DM without DR (1191 people), the
prevalence of wet AMD and dry AMD was 0.3 and 16.0%,
respectively. In the population of patients with DM and DR (409
people), the prevalence of wet and dry AMD was 0.5 and 20.8%,
respectively. The Fisher’s exact probability method showed that
there was no significant difference in the prevalence of wet AMD
between the DR and non-DR groups (P = 0.607 and α = 0.05),
whereas there was a significant difference in the prevalence of dry
AMD between the DR and non-DR groups when α = 0.05 (χ2 =

4.655 and P = 0.031). The prevalence of dry AMD was higher in
the DR group than in the non-DR group.

In a staging study of dry AMD in the non-DM population, the
prevalence of early, middle, and late dry AMD was 10.5, 4.8, and
0.7%, respectively, in the DM population, the prevalence of early,
middle, and late dry AMD was 14.4, 5.9, and 0.5%, respectively,
with significant differences (Table 2).

The Prevalence of AMD in Different DR
Stages of DM
In different stages of DM, because wet AMD did not combine
with moderate NPDR (n = 66) and severe NPDR (n = 2), it was
impossible to calculate the difference in the prevalence of dry and
wet AMD (Table 3).

The Prevalence of AMD in Different “DR”
Stages of Non-DM
In non-DM participants, some patients with “DR” were also
staged according to DR. Because moderate NPDR (n = 44),
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FIGURE 1 | Flow chart of included and excluded population.

TABLE 1 | The prevalence of AMD in diabetic and non-diabetic people.

Wet AMD

(%)*

Dry AMD

(%)**

Dry AMD (n = 1,469)

Early dry

AMD (%)

Middle dry

AMD (%)

Late dry

AMD (%)

Non-DM

n = 7,277

33 (0.5) 1,194 (16.4) 850 (11.7) 321 (4.4) 23 (0.3)

DM

n = 1,618

5 (0.3) 275 (17.0) 184 (11.4) 81 (5.0) 10 (0.6)

Total

n = 8,895

38 1,469 1,034 402 33

*χ2 = 0.354, P= 0.551. When test level α = 0.05, there is no difference of the prevalence

of wet AMD between diabetic and non-diabetic people.

**χ2 = 0.291, P= 0.590. When test level α= 0.05, there is no difference of the prevalence

of dry AMD between diabetic and non-diabetic people.

AMD, age-related macular degeneration.

severe NPDR (n = 1), and PDR (n = 1) were not combined
with wet AMD, it is impossible to count the difference in the
prevalence of dry and wet AMD in the different “DR” stages of
non-DM (Table 4).

Multivariate Analysis of Influencing Factors
of Dry AMD
In the analysis of risk factors for dry AMD, the following
three models were established: Model 1, corrected age; Model 2,
corrected for age, sex, and BMI (< 8.5, 18.5–23.9, 24–27.9,≥ 28);
andModel 3, adjusted for age, sex, BMI, hypertension (yes or no),
and dyslipidemia (yes or no).

The results showed that DR is a risk factor for dry AMD, and
male sex and age were risk factors for dry AMD. Meanwhile,

TABLE 2 | The prevalence of AMD in DM with DR and DM without DR.

Wet AMD

(%)*

Dry AMD

(%)**

Dry AMD (n = 275)

Early dry

AMD (%)

Middle dry

AMD (%)

Late dry

AMD (%)

Non-DR

N = 1,191

3 (0.3) 190 (16.0) 125 (10.5) 57 (4.8) 8 (0.7)

DR

n = 409

2 (0.5) 85 (20.8) 59 (14.4) 24 (5.9) 2 (0.5)

Total

n = 1,600

5 275 184 81 10

*Fisher P= 0.607, when test level α = 0.05, the prevalence of wet AMD in DR and non-DR

is not statistical significance.

**χ2 =4.655, P=0.031, when test level α =0.05, the prevalence of dry AMD in DR is

higher than that of non-DR with statistical significance.

AMD, age-related macular degeneration; DR, diabetic retinopathy; DM, diabetes mellitus.

BMI, hypertension, and hyperlipidemia were not identified as
risk factors for dry AMD (Table 5).

DISCUSSION

The global crude prevalence of avoidable vision impairment and
blindness in adults aged ≥ 50 years did not change between
2010 and 2019 (37). The leading global cause of blindness in
those aged 50 years and older in 2020 was cataracts, followed
by glaucoma, under-corrected refractive error, AMD, and DR
(37). Although DR was the fifth leading cause of blindness in
2020, it was the only cause of blindness that showed a global
increase in age-standardized prevalence between 1990 and 2020.
Furthermore, more than 600 million people are projected to
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TABLE 3 | The prevalence of AMD in different stages of DR with DM.

Wet AMD

(%)

Dry AMD

(%)

Dry AMD (n=85)

Early dry

AMD (%)

Middle dry

AMD (%)

Late dry

AMD (%)

Mild NPDR

n = 341

2 (0.6) 77 (22.6) 54 (15.8) 22 (6.5) 1 (0.3)

Moderate

NPDR

n = 66

0 (0.0) 8 (12.1) 5 (7.6) 2 (3.0) 1 (1.5)

PDR

n = 2

0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Total

n = 409

2 85 59 24 2

AMD, age-related macular degeneration; DR, diabetic retinopathy, DM, diabetes mellitus.

TABLE 4 | The prevalence of AMD in different stages of “DR” with non-DM.

Wet AMD

(%)

Dry AMD

(%)

Dry AMD (n = 57)

Early dry

AMD (%)

Middle dry

AMD (%)

Late dry

AMD (%)

Mild NPDR

n = 216

1 (0.5) 48 (22.2) 30 (13.9) 16 (7.4) 2 (0.9)

Moderate

NPDR

n = 41

0 (0.0) 9 (22.0) 5 (12.2) 4 (9.8) 0 (0.0)

Severe

NPDR

n = 1

0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

PDR

n = 1

0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Total

n = 259

1 57 35 20 2

AMD, age-related macular degeneration; DR, diabetic retinopathy; DM, diabetes mellitus.

live with diabetes by 2040 (38). Because people with DM live
increasingly longer with improvements in medical conditions,
the number of people with DR and vision impairment is expected
to increase rapidly, especially in China. DRmanagement requires
a disproportionate amount of social and economic resources. The
prevalence of blindness due to AMD has declined by almost 30%
from 1990 to 2020. This decrease is probably associated with
the widespread clinical introduction of anti-VEGF therapy for
wet AMD. However, most patients with AMD have untreatable
dry AMD that can progress to GA (37). DR and AMD remain
the most important ocular public health problems in China
and worldwide.

International Diabetes Federation (IDF) estimated the global
population with DM to be 463 million in 2019 and projected
it to be 700 million by 2045 (2). As the most common and
specific complication of DM, DR is one of the leading causes of
preventable blindness in the adult working population (39). A
declining trend in DR prevalence has been suggested, particularly

in developed countries (40–42). This is the result of systemic
control in patients with DM. It has been estimated that 51% of
all the patients with blindness due to DR come from the Asia-
Pacific region. The prevalence of DR among patients with DM
ranges from 10% in India to 43% in Indonesia within the Asia-
Pacific (43, 44). The highest number of people with DM is in
China (116 million), which reflects the rapid economic growth
and urbanization in China with significant lifestyle and dietary
changes (39). In China, a large-scale population-based study
conducted on 46,239 adults reported a 14-fold increase in DM
prevalence over 30 years (0.67% in 1980 vs. 9.7% in 2008) (45).

Globally, AMD is the leading cause of blindness among people
over 50 years old (7, 8). Epidemiological studies on the prevalence
of AMD in northern China show that the prevalence of early
AMD is 1.4–3.0%, and that of late AMD is 0.1–0.2% (9–11).
The prevalence of early AMD in the Chinese sample was similar
to that in white individuals in the Blue Mountains Eye Study
(BMES) and other studies (10).

Today’s working-age group will become tomorrow’s elderly
group. What is the relationship between DM, DR, and AMD in
the Chinese population? Some research has been conducted on
this topic, but the conclusion is contradictory.

The research methods on the relationship between DM or DR
and AMD include longitudinal studies (prospective cohort study
and retrospective cohort study), cross-sectional studies (cross-
sectional population-based study and observational analysis of
randomized clinical trial), case-control studies (retrospective
descriptive observational case-control and case-control studies),
and systematic reviews and meta-analyses. The study design
that we used was cross-sectional population-based epidemiology.
Every method has its advantages but also has limitations. In this
study, AMD included early, middle, and late stages, and late-stage
AMD included GA and wet AMD. DR includes NPDR and PDR,
whereas NPDR includes mild, moderate, and severe NPDR. It is
difficult to correlate each stage of DR to each stage and type of
AMD individually, which requires epidemiological research with
a large sample size and long-term longitudinal follow-up.

The relationship between DR and AMD remains inconsistent
because of different research methods and sample sizes; that is,
some studies have shown that DM and DR can increase the
prevalence of AMD (12–21), some have shown that DM and DR
are not related to AMD (22–27), and some have shown that DM
or DR might protect against AMD (28–32).

Early studies did not find a relationship between DM and
AMD (12–21). Later, the Beaver Dam Eye Study (BDES) (17)
and BMES (15) found that DM and AMD were correlated, but
their conclusions were contradictory. The BDES showed that
DM was not associated with early AMD or GA. However, the
prevalence of exudative AMD among people with DMwas higher
(9.4%) than that of those without DM (4.7%) whowere older than
75 years. The BMES showed that DM was only associated with
GA but not with wet AMD or early AMD. In 2013, Medicare
data from 6,621 patients over the age of 69 years with newly
diagnosed DM (1995–2005) in the United States showed that
NPDR significantly increased the risk of dry AMD and wet AMD,
whereas PDR can only increase the risk of wet AMD. The risk
of dry AMD and wet AMD did not increase in patients with
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TABLE 5 | The risk factor for dry AMD (n = 8,857).

Model 1 OR (95% CI)a Model 2 OR (95% CI)b Model 3 OR (95% CI)c

Ref=non-DR

DR 1.35 (1.05, 1.72) 1.38 (1.07, 1.78) 1.38 (1.07, 1.78)

Ref=female

Male 1.33 (1.17, 1.52) 1.32 (1.13, 1.55) 1.33 (1.13, 1.56)

Ref=lower than 60 years old

60–69 years old 1.62 (1.43, 1.84) 1.62 (1.40, 1.89) 1.62 (1.39, 1.89)

≥70 years 2.11 (1.79, 2.50) 2.36 (1.90, 2.92) 2.35 (1.89, 2.92)

Ref=normal weight (BMI: 18.5–23.9)

Low weight (BMI: <18.5) - 0.57 (0.26, 1.10) 0.57 (0.26, 1.10)

Overweight (BMI: 24.0–27.9) - 0.95 (0.82, 1.11) 0.95 (0.81, 1.10)

Obesity (BMI:≥28.0) - 1.12 (0.92, 1.37) 1.10 (0.90, 1.35)

Ref=non hypertension

Hypertension - - 1.01 (0.88, 1.17)

Ref=non hyperlipidemia

Hyperlipdemia - - 1.11 (0.95, 1.31)

aModel 1: corrected age (50–59, 60–69, ≥70) and gender (male, female).
bModel 2: corrected age, gender, and BMI (<18.5, 18.5–23.9, 24–27.9, ≥28).
cModel 3: corrected age, gender, BMI, hypertension (yes or no), hyperlipidemia (yes or no).

AMD, age-related macular degeneration; DR, diabetic retinopathy; DM, diabetes mellitus.

DM, but not without DR. There was no difference in the risk of
wet AMD between PDR and NPDR (12). A retrospective study
of the longitudinal health insurance database of Taiwan (1997–
2012) showed that patients with DM had a 1.4-fold increase in
dry and wet AMD compared to matched patients without DM,
although the difference was not significant. In contrast, patients
with DM and DR had a 4 and 3.9-fold increased incidence of dry
and wet AMD, respectively. The HR for the development of dry
AMD and wet AMD was 3.89 and 3.42 for patients with DM and
DR and those without DR, respectively (P < 0.001) (14). This is
consistent with the conclusion of our study that DM may not be
a risk factor for increasing the prevalence of AMD, but DR does.

However, studies have shown that the incidence rate of AMD
in the DM population is lower than that in the general population
(28–31). Recent research has shown that the prevalence of
neovascular AMD of the eyes in people with DR is low (0.04%).
Moreover, the prevalence of choroidal neovascularization (CNV)
in eyes with DR is low, with a lower prevalence of AMD. Diabetic
choroidopathy plays a significant role in CNV formation in eyes
with DR (32).

The findings of our study showed that DM had no effect on
the prevalence of AMD, but DR could promote the development
of dry AMD. The prevalence of wet AMD and dry AMD was 0.5
and 16.4%, respectively, in the non-DM population and 0.3 and
17%, respectively, in the DMpopulation. There was no significant
difference in the prevalence of wet and dry AMD between the
diabetic and non-diabetic individuals.

The prevalence of wet AMD and dry AMD was 0.3% and
16.0%, respectively, in the population with DM without DR and
0.5 and 20.8%, respectively, in the population with DM and
DR. There was no significant difference in the prevalence of wet
AMD between the DR and non-DR groups. The prevalence of

dry AMD was significantly higher in the DR group than in the
non-DR group.

In the Kailuan Eye Study, we also found another finding
of “DR” in the non-DM population. Among the 7,277 non-
DM subjects, 259 people were found to have “DR” image
characteristics, including microaneurysm, retinal hemorrhage,
hard exudation, cotton-wool, and retinal neovascularization in
no-DM, and the prevalence was 3.56%. There have been reports
of retinopathy in persons without DM in the Handan Eye Study
(46). The prevalence of retinopathy among participants without
DM was 13.6%, and the age and sex-standardized prevalence
of retinopathy in the Chinese adult population (aged 30 years)
without DM was estimated to be 12.1%. Its association with
fasting plasma glucose and BP suggests that early microvascular
damage occurs at “high normal” levels of blood.

Why can DR accelerate the onset of AMD? DR may
share common pathogenic pathways with AMD. The biological
interplay between DR and AMD is complicated and not fully
understood (13). First, DM may lead to the accumulation
of highly stable advanced glycation end products (AGEs) in
multiple tissues, including the retinal pigment epithelium (RPE)
cell layers and photoreceptors, which are implicated in the
pathogenesis of AMD (47–50). Second, hyperglycemia and
dyslipidemia in patients with disturbed homeostasis of the retina
by inducing inflammatory responses, which might play a role
in AMD (51–53). Third, VEGF plays an important role in both
DR and AMD, and both benefit from anti-VEGF treatment
(13, 14). Fourth, swept-source optical coherence tomography
demonstrated a significant reduction in central macular thickness
in PDR compared to controls (54). Understanding diabetic
choroidopathy may improve our knowledge of the mechanisms
underlying DR and AMD. Finally, structural retinal changes
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occur with aging. Retinal thickness decreases with age, especially
in the inner nuclear layer. The macular blood flow was reduced
by an average of 20%. Microglia are less motile and respond
more slowly to injury. RPE decreases melanin production
and increases lipofuscin accumulation. Müller cells are more
susceptible to oxidative stress (55). These anatomical changes
may contribute to the pathogenesis of DR combined with AMD
in the elderly population.

DR is a major complication of DM. Globally, DR is the
leading cause of preventable blindness in adults aged 20–74 years.
Because it is avoidable blindness, slowing down the occurrence of
DR after the occurrence of DM should be the key point. In most
patients, retinopathy develops 10–15 years after the diagnosis
of DM (1). The most common modifiable risk factors for DR
in the Asia–Pacific region are hyperglycemia, BP, dyslipidemia,
and obesity (43). Data from the UK Prospective Diabetes
Study (UPDS) and the Diabetes Control and Complications
Trial (DCCT) showed that controlling blood glucose (glycated
hemoglobin A1c, HbA1c<7%) and BP levels slowed the onset
and progression of DR (56–59). In China, a 5-year community-
based prospective study on patients with type 2 DM showed DR
regression in 24% of patients, which occurred mostly in patients
with lower glucose levels (60). In Hong Kong, the regression
rate was 13.2% and was also associated with lower HbA1c levels
and the absence of albuminuria (61). These data suggest that the
onset and progression of DR may be slowed down by reasonably
controlling DM to reduce the prevalence of AMD in patients
with DM.

The limitation of this study is its cross-sectional design rather
than a longitudinal study. Therefore, the prevalence can only be
discussed, and its incidence cannot be analyzed. Although our
study was a population-based epidemiological study, the sample
size was limited. Some diseases require hierarchical research, and
some studies cannot be conducted owing to the limited number
of cases. For example, in the study of DM combined with different
DR stages, there were only two cases of PDR, and neither was
combined with dry nor wet AMD; therefore, the study of PDR
combined with dry and wet AMD cannot be counted. The stages
of AMD include early, middle, and late stages, such as GA andwet
AMD. The stages of DR included NPDR and PDR, and NPDR
included mild, moderate, and severe NPDR. It is very difficult
to correlate each stage of DR to each stage and type of AMD
individually; therefore, epidemiological research ormeta-analysis
with a larger sample size is needed.

In conclusion, to our knowledge, this is the first
epidemiological population-based study to discuss the

relationship between DR and AMD in the northern mainland
China. This study confirmed that the prevalence of dry AMD
in DM complicated with DR was increased, and DR was a risk
factor for dry AMD.

For patients with DM, how to screen for DR early and how
to reduce or delay the occurrence of DR to effectively reduce
the prevalence of AMD is an important topic. Future research
aims to use new screening techniques combined with the in-
depth learning artificial intelligence technique, to screen for
early DR (62–65). The precise changes in choroidal thickness
and structure of DR and AMD may provide evidence for
the common pathogenesis of DR and AMD, although it is
complex and unclear and needs to be discovered. An animal
model of diabetic choroidopathy and the construction of animal
models for DR combined with CNV are needed in the future
(66). Whether PRP and anti-VEGF therapy can delay AMD
occurrence in patients with DR should be investigated. Larger
and longitudinal population-based epidemiological studies are
needed to determine the exact relationship between the different
stages of DR and AMD.
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Diabetic retinopathy (DR) is the leakage and obstruction of retinal microvessels

caused by chronic progressive diabetes that leads to a series of fundus lesions.

If not treated or controlled, it will affect vision and even cause blindness. DR is

caused by a variety of factors, and its pathogenesis is complex. Pericyte-related

diseases are considered to be an important factor for DR in many

pathogeneses, which can lead to DR development through direct or indirect

mechanisms, but the specific mechanism remains unclear. Exosomes are small

vesicles of 40–100 nm. Most cells can produce exosomes. They mediate

intercellular communication by transporting microRNAs (miRNAs), proteins,

mRNAs, DNA, or lipids to target cells. In humans, intermittent hypoxia has been

reported to alter circulating excretory carriers, increase endothelial cell

permeability, and promote dysfunction in vivo. Therefore, we believe that the

changes in circulating exocrine secretion caused by hypoxia in DR may be

involved in its progress. This article examines the possible roles of miRNAs,

proteins, and DNA in DR occurrence and development and discusses their

possible mechanisms and therapy. This may help to provide basic proof for the

use of exocrine hormones to cure DR.

KEYWORDS

Diabetic retinopathy, pericyte, microRNA, exosomes, treatment
Abbreviations:DR, diabetic retinopathy; miRNA, microRNA; ECs, endothelial cells; MVBs, multivesicular

bodies; miRNAs, microRNAs; NC RNA, noncoding RNA; MSCs, mesenchymal stem cells; HRMECs,

human retinal microvascular endothelial cells; HG, high glucose; HUVECs, human umbilical vein

endothelial cells; EndMT, endothelial mesenchymal transformation; VSMCs, vascular smooth muscle

cells; HUVEC-Exo, human umbilical vein endothelial cell exosome; ROS, reactive oxygen species; AGE,

advanced glycation end products; ALE, advanced lipid oxidation end products; RAGE, AGE receptor;

CTGF, connective tissue growth factor; PRP-Exos, exosomes derived from platelet-rich plasma; CXCL10,

CXCchemokineligand-10; BSCB, Blood spinal cord barrier; BMSC-EVs, Extracellular vesicles derived from

bone marrow mesenchymal stem cells; TGF-b 2, transforming growth factor-b 2; VEGF, vascular

endothelial growth factor; REC, retinal microvascular endothelial cells; DKD, development of diabetic

nephropathy; IR, ischemia and reperfusion; MI, myocardial infarction; EPCs, endothelial progenitor cells.
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1 Introduction

Microvascular complications are one of the most common

complications of diabetes mellitus. Persistent high blood sugar

levels can harm a range of organs, including the heart, kidneys,

and retina. The most common complications of diabetes are

microvascular complications, particularly diabetic nephropathy

(DN) and retinopathy (1). Diabetic retinopathy (DR) is chronic

retinopathy that causes leakage and blockage of retinal blood

vessels, which can result in a range of fundus lesions, including

microangiomas, hard exudates, cotton spots, neovascularization,

vitreous hyperplasia, macular edema, and retinal detachment,

among others. In recent years, with the advancement of medical

technology, particularly the emergence of antiangiogenic drugs,

there have been more options for DR treatment; however, it

remains an important cause of impaired vision and

even blindness.

The etiology of DR is associated with several morphological

alterations, including pericyte loss, basement membrane

th icken ing , inc reased vascu la r permeab i l i t y , and

microaneurysms. Pericytes and endothelial cells (ECs) are the

most common retinal vascular cells. Communication between

these two cell types is important for microvascular stabilization

and remodeling. Pericyte loss is an early pathological feature of

DR and frequently occurs in diabetic patients and animals (2).

These two cell types share the same basement membrane on the

vessel wall. There is communication between them due to the

discontinuity of the basement membrane. ECs and pericytes

communicate through the gap junctions between PEG sockets

with other paracrine signaling factors, including growth factors,

secreted cytokines, and extracellular secretions (2–5). Because

pericytes are an abundant cell type in microvessels, their

dysfunction can result in a variety of vascular-related diseases,

including stroke and renal infarction, among others. Studies

have shown that diseases associated with the diabetic retina are

closely associated with pericytes. For example, pericytes create

cPWWP2A (circ RNAs - PWWP2A), which is subsequently

transferred to ECs via exosomes (5). CPWWP2A silencing can

exacerbate diabetic retinal microvascular damage and

dysfunction, such as pericyte loss, acellular capillary

microaneurysm, vascular leakage, and inflammation (5).

Exosomes refer to small membrane vesicles containing

complex RNAs and proteins. Under normal and pathological

conditions, many cells secrete exosomes. They are primarily

sourced in the multivesicles formed by the invagination of

intracellular lysosomal granules, and the outer membranes of

the multivesicles are released into the extracellular matrix

following fusion with the cell membrane. Exosomes are

considered to be membrane vesicles that are secreted

exclusively and play a role in intercellular communication.

Studies have shown that exosomes can maintain stable blood

sugar levels in the body through multiple mechanisms and slow
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the development of diabetes and the associated microvessel

formation, reducing the progression of this diabetic

complication. However, the specific mechanism of exosome

action remains unclear (1, 2). Many biological effects of

exosomes are expressed by microRNA (miRNA), and miRNAs

regulate different pathological alterations during DR, which

include cell proliferation, apoptosis, inflammation responses,

microcirculation impairments, oxidative stress, and cellular

death by controlling the key molecules, particularly vascular

endothelial growth factor (VEGF) (6). Therefore, miRNA

antagonists or mimics as a novel class of drugs could be

potentially helpful to control the occurrence and progression

of pathological changes during DR.

This article examines the role and possible mechanisms of

DR and the occurrence of exosomes and their possible use in its

treatment. To reverse the chronic consequences of DR, we might

use exosome substances to treat this disease, for example,

miRNA-21 and miR-200a-3p.
2 Diabetic retinopathy and pericytes

DR is characterized by a severe deterioration of the retinal

microvasculature, resulting in hypoperfusion, increased capillary

permeability, abnormal proliferation of retinal blood vessels, and

ultimately even blindness (7). DR can be classified into two types

according to fundus changes: non-proliferative and proliferative

phases (7, 8). The non-proliferative phase is confined to the

retina; blood vessels undergo microaneurysms and bleeding and

display vascular instability, macular edema, basement

membrane thickening, and vascular degeneration (9). By

comparison, the proliferative phase is characterized by

neovascularization. New blood vessels are prone to rupture,

which may eventually lead to retinal bleeding and

detachment (8).

Although DR is primarily considered to be a disease caused

by decreased EC function, there is significant evidence from

animal studies that its pathogenesis begins with pericyte loss.

Studies of diabetic complications in humans have shown that

pericyte exfoliation in DR is associated with microvascular lesion

development, including microaneurysms, acellular capillaries,

vascular distortion, increased permeability, and capillary

perfusion (4). The early pericyte loss is rapidly accompanied

by EC loss and capillary network collapse, resulting in reduced

retinal blood flow. It is proposed that the initial pericyte loss is

driven by angpt-2 (10). The regeneration and plasticity of

pericytes allow possible treatment of diseases associated with

vascular malnutrition, including muscular dystrophy, ischemic

stroke, and DR. To facilitate intercellular communication, the

tight binding of pericytes and ECs occurs through direct contact,

with ion exchange by gap junctions such as connexin43 (11) and

the exchange of other paracrine molecules such as cathepsin D
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(12) and sphingosine 1-phosphate (13). Pericytes may serve as

targets to treat microvascular diseases such as diabetic

pathological angiogenesis and complications (14).
3 Effects of exosomes on
diabetic retinopathy

Exosomes are released into the extracellular space from

many cell types. These exosomes are broadly distributed in the

body fluids. In recent years, mRNA and miRNA have been

identified in vitro, which can be absorbed by nearby or distant

cells, and regulate the receptor cells, thus playing a role in the

occurrence and development of related diseases.
3.1 Exosomes

3.1.1 Concept and classification of exosomes
Exosomes currently refers specifically to discoid vesicles with a

diameter of 40–100 nm. They are common membrane-bound

nanovesicles which transport proteins, lipids, DNA, mRNA, and

miRNA among other biomolecules. They are initially formed by

endocytosis. Above all, internalization of the cell membrane

produces endosomes. Subsequently, many small vesicles are

formed in the inner body through the invaginated part of the

inner bodymembrane. Such endosomes are termedmultivesicular

bodies (MVBs). Finally, MVBs fuse with the cell membrane,

releasing endosome vesicles outside the cell as exosomes.

Exosomes are produced by cells via exocytosis and are taken up

by target cells. They transport substances and messages between

cells through the circulation of body fluids. Therefore, exosomes

play a role in different physiological and pathological processes in

the human body (15, 16). Many biological effects of exosomes are

expressed through miRNAs. miRNAs are a class of endogenous

short non-coding single-stranded RNA molecules of 19–23

nucleotides in length which are from genome regions that do

not code for proteins (17). They can be found in human fluids in a

stable state, according to increasing data. Extracellular miRNAs

can be loaded into high-density lipoprotein or bound by

argonaute-2 protein outside vesicles, in addition to being packed

into exosomes or microvesicles. All three mechanisms protect

miRNAs against degradation and ensure their long-term stability

(16). miRNAs negatively regulate the expression levels of target

genes and confer characteristic changes on them, playing a

regulatory role in almost all cellular processes. When miRNAs

are analyzed as exosome miRNAs rather than intracellular

miRNAs, researchers discovered a new role in certain cases,

being exported inside extracellular vesicles, with Toll-like

receptor (TLR)–binding miRNA released by cells from injured

or stressed tissues able to reach the endosomal compartment and

propagate inflammatory signals in distant recipient cells (17).
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Exosomal miR-21 and miR-29a were initially revealed to have the

ability to attach to TLRs and activate immune cells, in addition to

their traditional action of targeting miRNA (18). The quantity and

composition of secreted miRNAs vary between diseased and

healthy individuals (16, 19–21). To date, hundreds of miRNAs

have been found in eye tissue, which may become a new

biomarker for the early diagnosis of non-invasive ocular

diseases (22).

3.1.2 Regulation of exosomes secretion
Exosomes are primarily derived from multivesicles formed

by the invagination of lysosomal granules in cells, and the outer

membranes of multivesicular vesicles are released into the

extracellular environment after fusion with the cell surface.

Although many cells are able to secrete exosomes under

normal or abnormal conditions, under pathological conditions,

exosome secretions may increase or their content may change.

On the one hand, it has been found that the RAB family (a

member of the RAS oncogene family) of small GTPase proteins

controls different steps of vesicle transport in cells (23), such as

vesicle budding, mobility of vesicles and organelle interaction

through the cytoskeleton, and the junction of vesicles with target

chambers to form membrane fusion (24). Since the first

proteomic study, endosomal-related members of this family

have been identified in exosomes (25). For example, RAB-11

has been implicated in the control of TfR and Hsc70 released

from exosomes in K562 cells (26).

On the other hand, in some studies, cellular stress enhanced

exosome release (27–29). For example, studies found that

radiotherapy-induced cellular senescence is associated with a

significant rise in the release of exosome-like microvesicles. In

premature aging, this new secretory phenotype depends on p53

activation. Radiation therapy can induce increased DNA

damage, such as p53-dependent vesicle increase (28). At

present, the specific mechanism of increased secretion caused

by cellular stress is unclear, but the increased secretion may act

on adjacent cells, leading to pathological changes in these cells.
3.2 Regulation of endothelial function

The two main cellular components of retinal microvessels

are pericytes and ECs. The formation, maturation, and

stabilization of microvessels require the interaction of these

two cell types. Endothelial dysfunction is among the risk

variables for DR development. Studies have shown that

pericytes activated by the hypoxia-inducible factor (HIF)

pathway can secrete exosomes under hypoxia and can regulate

ECmigration, germination, and angiogenesis (30). In addition to

those from pericytes, exosomes from neurons, glial cells, ECs,

and the circulation can modulate EC integrity and intercellular

cross-talk in the neurovascular unit under physiological and
frontiersin.org

https://doi.org/10.3389/fendo.2022.935244
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Niu et al. 10.3389/fendo.2022.935244
pathological conditions (31–33). Gong et al. found that

exosomes from mesenchymal stem cells (MSCs) were found to

facilitate the transfer of miRNA from MSCs to human umbilical

vein ECs (HUVECs) and promote angiogenesis. Their findings

demonstrated that MSCs secrete exosomes containing proteins,

cytokines, and chemicals that promote HUVEC-mediated

tubular formation, increase the bud number of HUVEC

spheroids, and attract ECs and promote their proliferation

(34). Zhu et al. found that retinal astrocytes may release

exosomes to transmit autophagy-inducing signals and regulate

EC proliferation and migration; thus, they participate in the

occurrence and development of retinal vascular-related

diseases (35).

Endothelial-mesenchymal transition (EndMT) has been

found to contribute to pathological fibrosis in proliferative DR

(PDR). Gu et al. discovered that miR-202-5p secreted by retinal

pigment epithelial cells (ARPE) can act as an important

mediator of intercellular cross-talk and transfer miR-202-5p

via the TGF/Smad pathway to inhibit EndMT (36). Cao et al.

reported that MSC-derived exosomal SNHG7 can inhibit

EndMT and tube formation by human retinal microvascular

ECs (HRMECs) stimulated by high glucose (HG) by interacting

with the miR-34a-5p/XBP1 signaling pathway, providing a

viable treatment approach for DR therapy (37).
3.3 Smooth muscle cell proliferation
and differentiation

Vascular smooth muscle cells (VSMCs) are a special cell type

with abnormal plasticity in response to environmental stressors.

Because abnormally increased VSMC proliferation is associated

with a variety of vascular disorders, controlling its phenotype may

have important implications for delaying DR development. In DR

development caused by microvascular diseases caused by

microcirculation disorders, hypoxia frequently occurs. Hypoxia

promotes VSMC growth. New research suggests that miRNAs are

key regulators of the VSMC hypoxia response. Previous studies

have shown that miR-1260b is among the more upregulated

hypoxia-related amines in VSMCs (38). GDF11-Smad–dependent

signaling mediated by miR-1260b is an important signaling method

for VSMC proliferation, and hypoxia controls this axis, which

promotes aberrant VSMC proliferation (39). The new findings

demonstrated that miR-1260b downregulation reduces VSMC

proliferation. Consequently, hypoxia-induced increased miR-

1260b expression may stimulate VSMC proliferation (39).

Research has also shown that HG can induce VSMC

calcification/aging, which in turn leads to diabetes-related vascular

calcification/aging. Studies have shown that Notch3 is abundant in

HG-stimulated HUVECs (HG-HUVEC-Exo). In addition, Notch3

expression in VSMCs was clearly increased in HG-stimulated

HUVECs compared with the HG-stimulated HUVEC treatment

group. When Notch3 inhibitors act in vivo to inhibit Notch3
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expression, the capacity of HG-stimulated HUVECs to stimulate

calcification/senescence of VSMCs is reduced (40).

Therefore, miR-1260b downregulation can inhibit VSMC

proliferation and Notch3 expression, which may consequently

delay VSMC calcification/aging and aid in the treatment of DR.
3.4 Macrophage activation

Inflammation is the central component of the pathogenesis

of diabetes and metabolic syndrome, particularly in the

development of complications. DR is considered a vascular

and neurodegenerative disease that develops after periods of

inadequate blood glucose control. Retinal microvascular disease

is the early pathogenesis, which is caused by low-level, persistent

leukocyte activation, resulting in recurrent capillary blockage

and gradual retinal-depleting ischemia. At the molecular level,

macrophage-restricted protein tyrosine phosphatase 1B

(PTP1B) is a critical moderator of metabolic syndrome

inflammation involving insulin resistance. PTP1B imbalance

may underlie retinal microangiopathy (41). Hyperglycemia in

patients with diabetes leads to an increased generation of

reactive oxygen species (ROS) and the accumulation of

advanced glycation or lipid oxidation end products (AGE and

ALE, respectively), affecting the physiological functions of the

retina (42). AGE and AGE receptor (RAGE) interaction induces

a pro-inflammatory phenotype in microglia, resulting in an

enhanced release of inflammatory cytokines (TNF-a and IL-6)

(43, 44). Elevated TNF-a and IL-1b levels are consistent with

increased intraretinal neovascularization in DR and increased

microvascular degeneration in ischemic retinopathy (45, 46).

Hyperglycemia could activate VEGF expression, and HIF-1 is

translocated to the extracellular signal–regulated kinase (ERK)1/

2–nuclear factor kB (NF-kB) signaling pathway in the nucleus

and microglia (47, 48). VEGF overexpression contributes to

retinal neovascularization, whereas translocation of HIF-1

increases the transcription of angiogenesis-related genes (49).
3.5 Platelet activation

Vascular fibrosis is the main pathological feature of the

proliferative stage of DR. However, the molecular mechanism of

its occurrence remains unclear. Connective tissue growth factor

(CTGF), a main fibrotic factor, is highly expressed in DR and

plays a key role in retinal endothelial membrane thickening (50).

The study showed that exosomes of platelet plasma in diabetic rats

(DM-PRP-Exos) considerably elevated Müller cell growth and

metastasis compared with exosomes of platelet plasma from

normal control rats (Nor-PRP-Exos). The above results suggest

that platelet plasma secretion–induced fibrogenesis may be

triggered by activating the phosphoinositide-3 kinase-serine/

threonine kinase (PI3K/Akt) signaling pathway (51). Therefore,
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under hyperglycemia, platelets are stimulated to produce PRP-

Exos, which activate the PI3K/Akt signaling pathway (52).

Platelet plasma exosomes (PRP-Exos) mediate hyperglycemia-

induced retinal endothelial damage via upregulating the TLR4

signaling pathway. They can transfer platelet cytokines, alter

protein expression, and cause retinal endothelial dysfunction and

early DR. A study found that the PRP-Exo levels in the circulation

of diabetic rats were significantly increased. At the same time, it was

further proved that HG effectively enhances the capacity of platelets

to produce PRP-Exos in vitro. It was shown that PRP-Exos can

promote TLR4 expression and that of its downstream proteins

MyD88, p-NF-kB/P65, and NF-kB/P65 and activate the TLR4

pathway (53). Accumulating evidence suggests that TLR4 has a

vital function in regulating retinal homeostasis and is engaged in

DR progression (54). The new study found that CXCL10 may

activate the TLR4 pathway in vitro. CXCL10 blockade can

downregulate the TLR4 signaling pathway and diminish PRP-

Exo–induced retinal inflammation. These results suggested that

CXCL10 appears to be a key regulator of PRP-Exo–derived retinal

endothelial damage in DR (53). Consequently, inhibiting the TLR4

signaling pathway provides a new therapeutic idea for reducing the

early vascular DR complications induced by PRP-Exo.
3.6 In summary

As described above, circulating exosome action on various

related cells leads to DR. Figure 1 shows the effect of exosomes

on cells associated with DR.
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4 Effects of exosomes on pericytes

Long-term hyperglycemia causes DR, a frequent

microvascular condition. Intercommunication of pericytes and

ECs is critical for maintaining vascular homeostasis and

remodeling. Hypoxia was found to upregulate circEhmt1

production in pericytes, which can subsequently be

transported to ECs by exosomes. In addition, circEhmt1

overexpression has a protective effect against HG-induced EC

damage in vitro. Mechanistically, circEhmt1, which is strongly

expressed in pericyte nuclei, upregulates NFIA (transcription

factor) levels and inhibits NLRP3-mediated inflammatory

bodies (55).

Diabetes-related stress enhanced cPWWP2A expression in

pericytes but had no effect on ECs, according to the findings.

Pericytes create cPWWP2A, which is delivered to ECs through

exosomes. In vitro studies demonstrated that cPWWP2A

directly regulates pericyte biology, whereas EC biology is

directly regulated by cPWWP2A-carrying exosomes.

CPWWP2A acts as an endogenous miR-579 sponge,

isolating and inhibiting the activity of miR-579. Diabetes-

induced retinal vascular dysfunction was reduced in vivo when

cPWWP2A overexpression or miR-579 suppression was used.

Furthermore, suppressing cPWWP2A or overexpressing miR-

579 can exacerbate microvascular dysfunction by inhibiting the

cPWWP2A-mediated signaling pathway. This study suggests

that intervention at the level of cPWWP2A or miR-579

expression could provide an opportunity for the treatment of

diabetic microvascular complications (2).
FIGURE 1

Effects of exosomes on diabetic retinopathy-related cells. High-glucose environment and hypoxia alter circulating exosomes and play a key role
in DR development. Therefore, stem cell exosomes may be an effective treatment for DR. Hypoxia-induced increased secretion of hypoxia-
inducible factors can lead to endothelial dysfunction (ED) and promote endothelial cell permeability in vitro. Hypoxia also leads to changes in
circulating exosomes (such as miR-1260b), resulting in the proliferation of vascular smooth muscle cells. A high-glucose microenvironment also
leads to a greater generation of reactive oxygen species (ROS) and the build-up of advanced glycation or lipid oxidation end products (AGE or
ALE), which in turn leads to inflammatory increased cytokines (TNF-a, the secretion of IL-6) and thus to inflammation and exacerbates the harm
of DR. PRP-Exos participate in early DR formation via mediating hyperglycemia-induced retinal endothelial damage by upregulating the TLR4
signaling pathway.
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Exosomes reduce pericyte migration by downregulating NF-

kB p65 signaling, thereby maintaining the function of the blood

spinal cord barrier (BSCB). Studies have found that bone

marrow MSC–derived extracellular vesicles prevent pericyte

migration by inhibiting the activation of the NF-kB signaling

pathway. This improves the integrity of the BSCB (56).

Pericyte activation is a key pathogenic characteristic of

interstitial fibrosis (RIF). It was found that MSC-derived

exosomes deliver the miR-34c-5p by inhibiting core focusing

(CF) to reduce cellular activation and help exosomal miR-34c-5p

enter pericytes through the RIFcd81–epidermal growth factor

receptor (EGFR) ligand receptor complex. The findings of this

study offer a potential therapy option for renal fibrosis (57).
5 Possible mechanisms
of exosome-mediated
diabetic retinopathy

Although studies have demonstrated exosome involvement

in DR progression, including multiple cascades and

interconnections, the specific processes remain unknown. The

mechanisms associated with exosomes and DR are mainly

hypoxia, inflammation, and stress intensification. As

mentioned above, exosomes are extensively involved in DR

development and progression. Next, we will attempt to explain

the signaling pathways and molecular mechanisms by which

exosomes, mainly through miRNAs, may be involved in DR

development and progression.
5.1 TGF-b–mediated pathways

TGF-b and TGF-b–mediated signaling pathways play an

exacerbating role in DR pathogenesis (58). Further research has

revealed that they are essential regulators of cell growth and mid-

differentiation. For example, as key inducers of tissue fibrosis,

they can promote fibroblast proliferation, ultimately leading to

tissue fibrosis (59, 60). Lou et al. reported that the miR-21

expression level in the retina of rats with DR was considerably

higher than the normal rats, implying that abnormal retinal

miR-21 expression may participate in DR pathogenesis.

Moreover, the analysis results of this study showed that TGF-b
signaling pathway inhibitors greatly reduced the effect of miR-21

in DR in rats and improved ocular hemodynamics in these

animals. This suggests that miR-21 controls the TGF-b signaling

pathway involved in the pathogenesis of DR. Therefore, TGF-b
signaling pathway regulation by miR-21 affects hemodynamics

in rats with PDR (61). Li et al. found that inhibiting the TGF-b2/
Smad pathway increased miR-200a-3p, which prevented DR

development. It was also found that miR-200a-3p was

significantly downregulated in both ARPE-19 cells and retinal
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tissues of rats with DR after HG treatment, whereas TGF-b2
expression was upregulated. Subsequently, miR-200a-3p

overexpression greatly accelerated cell proliferation, decreased

apoptosis, and reduced the level of secreted inflammatory

cytokines and VEGF in HG-injured ARPE-19 cells. MiR-200a-

3p overexpression attenuated HG-induced damage in ARPE-19

cells, decreased the secretion of inflammatory cytokines, and

downregulated VEGF expression through inactivation of the

TGF-b2/Smad pathway. In vivo, miR-200a-3p upregulation

improved retinal angiogenesis and inflammation in DR in rats,

thus providing a novel target for DR therapy. However, it is

unclear how miR-200a-3p expression was upregulated in

vivo (62).
5.2 PI3K/Akt signaling pathway

The PI3K/Akt signaling pathway is a downstream signal of a

variety of cell-surface receptors that regulate cell proliferation,

survival, and death (63). Zhang et al. discovered that miR-183

was markedly upregulated in a rat model of DR with activation

of the PI3K/Akt/VEGF signaling pathway. It was observed that

miR-183 expression was upregulated and BTG1 expression was

downregulated in retinal tissue in DR in rats. MiR-183

overexpression activated the PI3K/Akt/VEGF signaling

pathway to inhibit BTG1 and promote EC proliferation but

inhibit apoptosis. According to the findings, miR-183 inhibition

could inhibit vascular EC proliferation and angiogenesis by

downregulating BTG1 and inactivating the PI3K/Akt/VEGF

signaling pathway (64).

It is known that, in PDR, miR-21 expression is increased and

can promote retinal pigment epithelial cell proliferation and

migration (65). Lu et al. found that miR-21 may be a target for

DR therapy because it has the potential to block DR.

Downregulation of miR-21 disrupts the survival of retinal

vascular ECs (RVECs), inducing apoptosis of these cells, and

attenuates angiogenesis by inhibiting the PI3K/Akt/VEGF

signaling pathway and upregulating phosphatase and tensin

homolog (PTEN). The results indicated that miR-21

overexpression may activate the PI3K/Akt/VEGF signaling

pathway by inhibiting PTEN expression, thereby stimulating

RVEC activity and angiogenesis in DR in rats, suggesting that

miR-21 may be a target of DR treatment (66).

According to Wang et al., HG decreased the relative miR-

199a-3p expression level in HRMECs and apre-19 cells but

increased VEGF expression. Upregulation of miR-199a-3p not

only significantly alleviated HG-induced cell proliferation and

migration but also significantly inhibited the PI3K/Akt signaling

pathway and HG-induced angiogenesis. MiR-199a-3p

upregulation can control the PI3K/Akt pathway by

suppressing VEGF and promoting HG-induced angiogenesis

in HRMECs (67).
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5.3 p38 MAPK signaling pathway

The MAPK signaling pathway is present in many cells,

delivering extracellular stimuli that elicit biological responses. The

P38 signal transduction pathway (MAPK pathway) regulates a wide

range of biological functions (68). Li et al. found that miR-141-3p

inhibited retinal angiogenesis in glaucoma mice by preventing

activation of the docking protein 5 (DOK5)–mediated MAPK

signaling pathway. The DOK5 gene was repressed by miR-141-

3p, which activated the MAPK pathway. The findings revealed that

miR-141-3p reduced the proliferation and angiogenesis of retinal

vascular epithelial cells and promoted RGC apoptosis (69). Chen

et al. found that MSC-derived exosomes prevented hypoxia-

induced cell death by carrying miR-21 and inhibiting p38 MAPK

signaling (70). MSC exosomes may aid patients with diabetes,

according to their findings. Dai et al. reported that baicalin (BAI)

inhibited the activation of the NF-kB and p38 MAPK pathways by

upregulating miR-145 and had a protective effect on HG-induced

injury of human retinal pigment epithelial cells (71).
5.4 NF-kB pathway

NF-kB functions primarily in biological processes, including

the inflammatory response and immunity. It was demonstrated to

be activated in the diabetic retina in numerous studies, its

activation increasing capillary apoptosis (72), which is a

precursor to the development of DR characteristics. The activity

of the NF-kB signaling pathway has been reported to be enhanced

in diabetic rat studies. In turn, NF-kB p65 expression upregulation

increases ROS production, which leads tomicroaneurysms, retinal

neovascularization, and vitreous hemorrhage in diabetic rats, and

promotes DR progression (73, 74).

According to Li et al., the number of pericytes in retinal

capillaries of miR-874 mimics-treated DR in rats rose, whereas

EC proliferation was reduced. MiR-874 inhibitor exacerbates DR

in diabetic rats after treatment. The results showed that miR-874

overexpression suppressed NF-kB signaling pathway expression

and alleviated DR in diabetic rats (75). Li et al. demonstrated low

miR-486-3p expression and high TLR4 and NF-kB expression in

HG-treated Müller cells. TLR4 is the action site of miR-486-3p.

In HG-treated Müller cells, miR-486-3p upregulation or TLR4

downregulation prevented oxidative damage, inflammation, and

apoptosis while promoting proliferation. This study highlighted

that the protective role of exosomal-induced miR-486-3p

upregulation in DR mice is by TLR4/NF-kB axis inhibition (76).

Hui et al. found that miR-145 was downregulated in HG-

treated retinal microvascular ECs (RECs), while miR-145

overexpression suppressed enhanced TLR4 expression and NF-kB
p65 nuclear translocation in HG-treated RECs. More importantly,

miR-145 overexpression reduced REC apoptosis, oxidative stress,

and inflammatory cytokine release in HG environments. These
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findings revealed that miR-145 may exert antioxidant and anti-

inflammatory effects in DR (54). Ye and Steinle reported decreased

miR-146a expression in human RECs cultured with HG.

Overexpression of miR-146a with a miR-146a mimic reduced

TLR4/NF-kB and TNF expression in RECs induced by HG.

Overexpression of miR-146a in RECs reduced MyD88-dependent

and -independent signaling under HG conditions. The results

showed that miR-146a suppressed TLR4/NF-kB and TNF-a, the
potential site of action for reducing REC inflammation (77).
5.5 Summary

Exosomes have multiple mechanisms of action in DR, but the

specific mechanisms remain unclear. However, exosomes might

have a critical role in this process and its treatment. Figure 2 shows

the possible signaling pathways and molecular mechanisms

involving miRNA in DR formation and development. Table 1

shows exosome-derived proteins and RNA involved in DR.
6 Exosomes and diabetes-related
cardiovascular and cerebrovascular
events

The vascular complications of diabetes include macrovascular

and microvascular complications. In recent years, many studies

have proved that miRNA has a good therapeutic effect in the

treatment not only of DR but also of other complications of

diabetes. There is increasing evidence that exosomes change in

the blood of patients with diabetes and are implicated in the

progression of diabetes, including microvascular complications,

inflammation, and changes in coagulation (78, 79). Next, we

briefly introduce the role of miRNA in the treatment of other

complications of diabetes. Figure 3 shows the exosomes related to

cardiovascular and cerebrovascular risk events, such as DN,

myocardial infarction (MI), and stroke.
6.1 Diabetic nephropathy

It was found that rapamycin (mTOR) is a core component of

cell growth signaling, and, when its activity is enhanced, it can

promote protein translation and autophagy. Autophagy protects

against renal injury induced by hyperglycemia (80). Ebrahim

et al. found that BMSC-derived exosomes enhanced autophagy

via blocking the mTOR signaling pathway in a model of DR. In

addition, they found that when using MSC-derived exosomes to

treat mice with DN, the histological morphology of the kidneys

was restored and fibrosis markers were reduced (81).

The development of DN is also associated with podocyte

injury (82). VEGF produced by podocytes is not beneficial in
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treating DN (83). MiR-16-5p could reduce VEGF expression.

Hyperglycemia reduces podocyte miR-16-5p production and

stimulates VEGF release. Following miR-16-5p overexpression

in human embryonic stem cells, exosomes might deliver it to

HG-treated podocytes, reducing the degree of podocyte

apoptosis and expressing VEGF, thereby delaying the

occurrence and development of DN (84).
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6.2 Ischemic myocardial infarction

MI is a major cause of mortality in all cardiovascular diseases.

Ischemia and reperfusion damage is an inevitable adverse reaction

after MI. There is presently no effective treatment to reduce the

damage to the heart from MI. Recent research has shown that

miRNAs in the heart and circulation are markedly altered after MI
TABLE 1 List of exocrine derived proteins and RNA involved in diabetic retinopathy.

Classification Component Effect Reference

Protein SNHG7 EndMT ↓ (37)

Notch3 Calcification/aging of VSMCs ↓ (40)

RNA miR–202–5p EndMT ↓ (36)

miR–1260b Abnormal VSMC proliferation ↑ (39)

miR–21 Proliferation and migration of RPEC↑ (65)

miR–200a–3p Cell proliferation↑ Apoptosis↓, Inflammatory cytokines ↓ VEGF ↓ (62)

miR–183 Endothelial cell proliferation ↑
Apoptosis↓

(64)

miR–199a–3p Neovascularization ↓ (67)

miR–141–3p Retinal neovascularization ↓ (69)

miR–145 RECs Apoptosis↓ oxidative stress↓
Inflammatory cytokines↓

(54, 71)

miR–874 Number of retinal capillary pericytes↑
Endothelial cell proliferation↓

(75)

miR–486–3p Oxidative stress↓ inflammation ↓
Apoptosis↓

(75)

miR–146a REC inflammation↓ (77)
fro
FIGURE 2

Possible exosome-mediated signaling pathways in DR. Exosomes are synthesized in various cells. Under physiological or pathological
conditions, their carriers may change and participate in the formation of the collective pathological state. They may activate TGF-b, the signaling
pathway that mediates the hemodynamics of individuals with PDR. By blocking TGF-b, the activation of the signaling pathway promotes cell
proliferation and reduces apoptosis and the inflammatory response. Exosomes (such as miR-141-3p) may also inhibit retinal neovascularization
by preventing the activation of the p38/MAPK signaling pathway. Exosomes can also be detected by the PI3K/Akt signaling pathway, which can
induce vascular endothelial cell proliferation while preventing cell apoptosis, as well as cell proliferation and migration of the retinal pigment
epithelium cell. The stimulation of the signaling system may also aid in the reduction of HG-induced cell proliferation, migration, and
angiogenesis. In diabetic rats, the activity of the NF-kB signaling pathway rose dramatically, and inhibiting the NF-kB signaling pathway can
reduce inflammation, apoptosis, and oxidative stress.
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(85). For example, Cheng et al. found significantly increased miR-1

and miR-208 levels in the urine of patients with acute MI and in the

circulating blood of rats after acute MI (86). Mao et al. found that

KLF3-AS1 mediates Sirt1 expression by serving as a ceRNA to

sponge miR-138-5p, thereby regulating cardiomyocyte pyroptosis

and MI progression (87). Furthermore, miR-125b-5p inhibited p53

and BAK1 production, which reduced apoptosis. In addition,

increased miR-125b-5p expression in macrophages alleviated

hypoxia/reperfusion-induced cellular damage. Enhanced miR-

125b-5p production in the myocardium significantly reduced the

size of the MI (88, 89). The findings of Zhu et al. showed a unique

method, whereby cell-free hypo-exo promotes ischemic heart repair

via anti-apoptotic miR-125b-5p (89). The role of exosomes in MI is

increasingly recognized, but the mechanisms involved and their role

in improving cardiac function remain unclear (90).
6.3 Stroke

Reflex mechanisms are engaged to protect cerebral perfusion

in early hemorrhagic strokes, such as intracerebral hemorrhage

and subarachnoid hemorrhage, but the corresponding secondary

injury and malfunction can lead to cerebral ischemia, hypoxia,

and ultimately neuronal cell death (91). Recent evidence suggests

that exosomes may perform various functions in brain repair and

as biomarkers for stroke (92). In a previous research, exosome

extraction from MSCs was reported to ameliorate specific brain

tissue damage in an experimental animal model (93). Exosomes

generated by endothelial progenitor cells (EPCs) have been shown

to protect ECs from hypoxia/reoxidation injury, which is partially
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due to the role of miR-210 (94). According to Liu et al., miR-137

upregulation promoted EPC proliferation and angiogenesis in

mice with ischemic stroke by the Notch pathway (95). Taken

together, exosomes are implicated in the occurrence and

progression of stroke through various mechanisms, providing

new ideas for stroke treatment.
7 Conclusion and prospects

In recent years, exosomes have been studied as a new biological

entity engaged in intercellular communication in a variety of

physiological and pathological processes. Ongoing technological

and experimental advances have the potential to uncover cellular

and molecular mechanisms of intercellular communication, organ

homeostasis, and disease, enhancing our ability to use these

mechanisms as therapeutic and diagnostic tools. DR increases the

risk for blindness in those with diabetes. Previous studies have

found that exosomes may play a role in both the pathogenesis and

treatment of DR. Earlier studies have found that circulatory

miRNAs are differentially expressed in subjects with diabetes (96),

suggesting that miRNAs could be used as new biomarkers for

detecting or predicting the overall progression of the disease, as well

as the progression of retinopathy from mild to sight-threatening

(97–99). For example, miR-221, an antiangiogenic miRNA found in

blood as a biomarker for DR in individuals with T2DM and PDR,

was found to be implicated in the physiopathology of T2DM and

macrovascular problems (100–102). RNA sequencing has

established the potential biomarkers let-7a and miR-151 in serum

for early-stage and late-stage DR in patients with T2DM. The
FIGURE 3

Exocrine-related complications of diabetes. During the development t of diabetes mellitus, changes in the microenvironment also lead to
alterations in exocrine bodies, which are involved in cardiovascular and cerebrovascular risk events, such as diabetic nephropathy, myocardial
infarction, and stroke. Ever-increasing evidence suggests that the level of exosomes in the blood of patients with diabetes is elevated and is
involved in the pathophysiology of diabetes-related diseases. Therefore, we concluded that the overexpression and downregulation of specific
miRNA might be a new method to treat diabetes and its related complications.
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previous study has discovered that using multiple miRNAs and

anti-miRNAs in a combinational therapy is a unique method that

involves targeting numerous pathways with different drugs andmay

provide a synergistic angiostatic effect that can help to prevent DR

pathologic angiogenesis problems. Overexpression of miR-216a, for

example, protected against HRMEC damage in DR by inhibiting

the NOS2/JAK/STAT axis in the DR rat retina (103).

Simultaneously, miRNA-29b-3p increases HRMEC apoptosis in

DR by inhibiting SIRT1 (104). Upregulation of miR-203a-3p, which

targets VEGFA and HIF-1, may decrease retinal neovascularization

in the oxygen-induced retinopathy rat model (105). In DR

development, the involvement of exosomes and the role of

pericytes have separately been widely studied. However, limited

studies have investigated the role of pericyte-related exosomes in the

occurrence and development of DR, particularly its biological

mechanism. Consequently, future studies should focus on the

effect of exocytosis on pericytes and thus its potential role in DR.

The use of stem cell exosomes for the treatment of DR requires

further basic and clinical research.

In conclusion, exosomes, particularly their miRNAs, are

involved in the pathophysiological process of DR and establish

multilevel connections. Exosomes have broad application

prospects in the treatment and prognostic evaluation of DR.
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