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Purpose: This study aims to explore the correlations of arteriosclerosis-associated

plasma indices with various severity levels of diabetic retinopathy (DR) and to test the

hypothesis that elevated circulating level of known angiogenic cytokines induced by

hyperglycemia is associated with dyslipidemia on DR.

Methods: This cross-sectional study consists of 131 patients with type 2 diabetes. The

patients were categorized based on their DR status into those with no DR (diabetes

mellitus, DM), non-proliferative diabetic retinopathy (NPDR), and proliferative diabetic

retinopathy (PDR) groups. The biochemical profile including fasting glucose, glycated

hemoglobin (HbA1c), lipid profile were estimated, plasma angiogenic cytokines (vascular

endothelial growth factor, VEGF-A, -C, -D) and placental growth factor (PlGF) were

analyzed by protein microarrays. The atherogenic plasma index (API) was defined as

low-density lipoprotein cholesterol/high-density lipoprotein cholesterol (LDL-C/HDL-C);

atherogenic index (AI) was calculated as (TC-(HDL-C))/HDL-C and atherogenic index of

plasma (AIP) was defined as log (TG/HDL-C).

Results: No significant differences were detected in the duration of hypertension,

age, and gender between the three groups. Serum TC and LDL-C, AI, and API in the

NPDR group and PDR group were significantly higher than those in the DM group.

The circulating level of PlGF, VEGF-A, and VEGF-C were significantly correlated with

the severity of DR. VEGF-D is a risk factor independent of API (Z = −2.61, P =

0.009) and AI (Z = −2.40, P = 0.016). Multivariate logistic regression showed that

AI and API are strong risk factors for the occurrence and severity of DR. Associated

with AI and API, VEGF-D and PlGF contribute to DR: VEGF-D [AI: P = 0.038, odd

ratio (OR) = 1.38; VEGF-D: P = 0.002, OR = 1.00. API: P = 0.027, OR = 1.56,

VEGF-D:P = 0.002, OR = 1.00] and PlGF [AI: P = 0.021, OR = 1.43; VEGF-D: P

= 0.004, OR = 1.50. API: P = 0.011, OR = 1.66; VEGF-D: P = 0.005, OR = 1.49].
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Conclusions: Total cholesterol (TC) and LDL-C are risk factors for presence of

any DR. Atherogenic index and API are novel and better predictive indicators for the

occurrence and severity of DR in comparion with the traditional lipid profiles. Abnormal

lipid metabolism are associated with the upregulation of circulating cytokines that are

linked to the severity of DR.

Keywords: dyslipidemia, diabetes mellitus, diabetic retinopathy, lipid profile, serum cytokines, arteriosclerosis-

associated plasma parameters

INTRODUCTION

Diabetic retinopathy (DR) is the most common ocular
microvascular complication of diabetes mellitus (DM).
Vision threatening diabetic retinopathy (VTDR) is a leading
cause of blindness in the working-age (20–65 years) in both
developed and developing countries (1). Duration of diabetes
is an established non-modifiable risk factor for DR (1, 2).
Hyperglycemia is the strongest modifiable risk factor but people
with optimal glycemic control also develop DR. The fenofibrate
intervention and event lowering in diabetes (FIELD) and the
action to control cardiovascular risk in diabetes (ACCORD)
studies demonstrated that abnormal lipid metabolism is
associated with the onset and progression of DR but the
underlying mechanisms are yet to be elucidated (3, 4).

Anti-vascular endothelial grow factor (VEGF) therapy has
revolutionized the management of DR and diabetic macular
edema (DME). Ranibizumab and bevacizumab are VEGF-A
inhibitors while aflibercept blocks VEGF-A and placental growth
factor (PlGF). Although these anti-VEGF agents are superior to
macular laser and a considerable proportion of patients improve
visual acuity, the results of Diabetic Retinopathy Collaboration
Network (DRCR.net) Protocol I and T studies show that
persistent macular edema was seen in approximately 51–73%
at 12 weeks and 32–66% after 24 weeks of regular anti-VEGF
injections (5–8).

The role of dyslipidemia in DR risk is now receiving
increasing attention. However, unlike the well-established
direct correlations between serum lipid dysregulated with
macrovascular complication (9, 10), the correlation of traditional
serum lipid parameters with DR is controversial (11, 12).
In recent years, a large number of clinical and laboratory
studies have confirmed that arteriosclerosis-associated plasma
parameters, including atherogenic plasma index (API), low-
density lipoprotein cholesterol/high-density lipoprotein
cholesterol (LDL-C/HDL-C), atherogenic index (AI), total
cholesterol (TC)-HDL-C/HDL-C, and atherogenic index of

Abbreviations: ADA, American Diabetes Association; ACCORD study, action

to control cardiovascular risk in diabetes study; AI, atherogenic index; AIP,

atherogenic index of plasma; API, atherogenic plasma index; BCVA, best corrected

visual acuity; DM, diabetes mellitus; DME, diabetic macular edema; DR, diabetic

retinopathy; FIELD study, fenofibrate intervention and event lowering in diabetes

study; HDL, high density lipoprotein; IQR, interquartile range; LDL, low

density lipoprotein; NPDR, non-proliferative diabetic retinopathy; NCEP, national

cholesterol education program; PDR, proliferative diabetic retinopathy; PlGF,

placental growth factor; TC, total cholesterol; TG, triglycerides; VEGF, vascular

endothelial growth factor; VTDR, vision threatening diabetic retinopathy.

plasma (AIP), log (triglycerides(TG)/HDL-C) are critical
indicators of cardiovascular and microvascular diseases
(13, 14). These lipid ratios reflect two or three traditional lipid
parameters, respectively, and could be better indicators to mirror
the metabolic and clincial interactions between lipid fractions.
Atherogenic plasma index is an independent risk factor for
the occurrence of DM, and AIP has a predictive effect on the
occurrence of macrovascular and microvascular diseases in the
early stage of DM, but it is not known whether these indices are
associated with the presence of DR (15, 16).

In the present study, we aimed to explore the association
of arteriosclerosis-associated plasma indices with increasing
severity of DR. We further investigated the correlations between
these atherogenic indices and circulating levels of VEGF-A,
VEGF-C, VEGF-D, and PlGF in patients with DM with and
without DR to elucidate disease mechanisms that can be
translated to novel therapeutic targets for DR.

SUBJECTS AND METHODS

Participants
This prospective study followed the principles of the Declaration
of Helsinki and was approved by the Ethics Committee of Beijing
TongrenHospital, CapitalMedical University. All subjects signed
an informed consent form before participation.

A total of 131 patients with type 2 DM, including 77 males
and 54 females, aged 27–76 years old were recruited from the
outpatient clinic of Beijing Tongren Hospital from April 2016
to September 2020. The participants were assigned to the DM
group if they had no DR [32 patients, aged 37–75 years, median
(IQR): 56 (48–65) years], non-proliferative diabetic retinopathy
(NPDR) [56 patients, aged 29–76 years, 56 (51–61)] years, and
proliferative diabetic retinopathy (PDR) [43 patients, aged 27–74
years, 55 (49–60) years].

Inclusion and Exclusion Criteria
Participants with type 2 DM were included in the study. Type
2 DM was defined according to the 2020 American Diabetes
Association (ADA) guidelines of DM (5) and 2017A Position
Statement of DR (6). Those with the ability to provide informed
consent were included in the study. Exclusion criteria included
people with type 2 DM with macular edema secondary to other
retinal vascular diseases; co-existent other retinal diseases such as
age-related macular degeneration, uveitis, and inherited retinal
diseases; recent history of posterior segment or cataract surgery;
ocular media opacity; and unable to tolerate examinations due to
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severe system diseases. Patients with history of lipid disorders or
on lipid-lowering therapy were also excluded.

Eye Examination
Routine Eye Examination

The participants underwent assessment of best-corrected
visual acuity (BCVA), non-contact intraocular pressure (TX20
Automatic Non-contact Tonometer, Canon Co., Ltd., Tokyo,
Japan), slit-lamp microscopic examination (SL-IE Slit Lamp
Microscope, Topcon Co., Ltd., Tokyo, Japan), and fundus
examination with mydriasis. Fundus photography (CR-1
non-mydriatic Fundus Camera, Canon Co., Ltd.) was done to
capture at least two-field centered on optic disc and macula of
both eyes. Ophthalmologists ascertained the DR status of the
participants based on the International DR severity scale (6).
Swept-source optical coherent tomography was applied (DRI
OCT1 Atlantis scanner, Topcon Co., Ltd., Tokyo, Japan or Plex
Elite 9000, Carl Zeiss Meditec, Inc., Oberkochen, German) for
all the enrolled subjects. B-scan images were obstaind by a 9
× 9mm scanning range mode. The DR status of the worse eye
was recorded as an individual’s DR grade. The participants were
categorized into “PDR” group if they had retinal and/or optic
disc neovascularization in at least one eye. Those with any other
DR grade were categorized as NPDR group and participants with
no DR in both eyes were assigned to the “DM” group.

Other data was also collected included age, gender, and
duration of diabetes.

Blood biochemistry profile: Fasting biochemical examination
was performed to detect the blood lipid profile of the participants.
These include TC and LDL-C TGs, glycated hemoglobin
(HbA1c), fasting blood glucose ect.

Definition of Dyslipidemia
The definition was followed to the national cholesterol education
program (NCEP) adult treatment panel-III (ATP-III) report in
2001 and the guidelines for the prevention and treatment of
dyslipidemia in Chinese adults 2016. Dyslipidemia was defined as
high cholesterol (TC) group (TC> 5.17 mmol/L), high TG group
(TG > 1.70 mmol/L), or high low-density lipoprotein cholesterol
(low-density lipoprotein cholesterol, LDL-C) group (LDL-C >

3.37 mmol/L).

Determination of the Cutoff Value of AIP,
API, and AI by Receiver Operating
Characteristic Curve
Arteriosclerosis indices including API (LDL-C/HDL-C), AI
[(TC-HDL-C)/HDL-C), and AIP (log(TG/HDL-C)] were
calculated. Atherogenic plasma index, AI, and AIP with high
sensitivity and specificity were selected as the cutoff values on
receiver operating characteristic (ROC) curve. Patients with
API > 2.24 (AUC: 0.746; sensitivity = 0.708, specificity =

0.517), AI > 2.91 (AUC, 0.723; sensitivity = 0.629; specificity =
0.724) or AIP > 0.01 (AUC 0.564; sensitivity = 0.607, specificity
= 0.552) were assigned to high API, high AI, and high AIP
groups, respectively.

Determination of the Plasma Level of
Cytokines
The Luminex technology (Luminex 200TM liquid chip detector,
Millipore, Boston, Massachusetts, USA) was applied to detect the
plasma level of cytokines, VEGF-A, VEGF-C, VEGF-D, and PlGF
according to the manufacturer’s instructions.

Sample Size Calculation
Sample size was determined by using the Cochran’s sample size
formula and also reference the previous studies (12). Sample
size was calculated at 95% confidence level with a margin of
error of ±5%. To detect the difference (0.83) between means of
expression level of angio-cytokines with a significance level of
(alpha) 0.05. The minimum sample size was calculated to be 25 in
each group. However, since there is variability in the circulating
level of angio-cytokines/serum lipid profiles and highly variable
parameters, the sample size was increased to above 30 in the
present study.

Statistical Analysis
Statistical analysis was performed using SPSS software (SPSS,
Inc., 23.0, Chicago, IL, USA). Normality was assessed by
Kolmogorov-Smirnov test and Shapiro-Wilk test. Variance
homogeneity was tested by the Levene’s test. Age of participant,
duration of diabetes, fasting blood glucose, glycosylated
hemoglobin, hypertension, TG, TC, and LDL-C were described
by means ± standard deviation (mean ± SD) or median
(interquartile range). The comparisons among groups were
analyzed by one-way analysis of variance (ANOVA) or the
Kruskal–Wallis test. The circulating levels of cytokines VEGF-A,
VEGF-C, VEGF-D, and PlGF were reported as mean ± SD or
median (interquartile range), comparisons between groups [DM,
NPDR, and PDR groups, or DM and DR groups (combined
NPDR with PDR as DR group)] was analyzed by independent
sample t-test or Mann–Whitney U-test according to the data
distribution (If the data were not normally distributed or
variance homogeneity was not met). Bonferroni corrections was
applied for comparison between the three groups. The effects of
age, gender, the duration of diabetes, AI, API, AIP as well as their
relationships with VEGF-A, VEGF-C, VEGF-D, and PlGF on DR
patients were analyzed by multiple logistic regression analysis. P
< 0.05 indicated statistical significance.

RESULTS

Baseline Demographic and Clinical
Characteristics
No statistically significant differences in age or gender were
detected between the DM (with no DR), NPDR and PDR groups
(Page = 0.692; Pgender = 0.756). The average duration of DM was
shorter in the DM group compared to that in the NPDR and
the PDR group (12.59 ± 5.79 vs. 9.14 ± 6.76 years, PNPDRvs.DM
= 0.013; 12.86 ± 6.76 vs. 9.14 ± 6.76 years, PPDRvs.DM =

0.021). There was no statistical significance of fasting blood
glucose in the DM, NPDR, and PDR groups (P = 0.151). The
difference between the NPDR and the DM groups [6.80 (6.18–
7.83) vs. 7.75 (7.03–8.98) years, P = 0.018)], PDR and the

Frontiers in Medicine | www.frontiersin.org 3 November 2021 | Volume 8 | Article 779413

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Dyslipidemia and Cytokines in Diabetic Retinopathy

TABLE 1 | Baseline demographic, clinical characteristics, biochemical parameters, and the circulating angiogenic cytokines of the enrolled subjects.

Group DM NPDR PDR H/F/χ2 P-value

Number 32 56 43 – –

Age (years) 55.5 (48.25–65.00) 56 (50.50–61.00) 55 (49.00–60.00) 0.74a 0.692

Female sex (%) (M/F) 43.75 37.5 44.17 0.56b 0.756

Duration of DM (years) 9.14 ± 6.76 12.59 ± 5.79 12.86 ± 6.76 3.82c 0.025*

Duration of HBP (years) 3.00 (0–10.00) 0.00 (0–5.00) 2.75 (0–10.00) 4.27a 0.118

Fasting blood glucose (mmol/L) 7.46 (5.81–8.72) 8.25 (6.38–9.67) 8.46 (6.42–11.20) 3.78a 0.151

HbA1c (%) 6.8 (6.18–7.83) 7.75 (7.03–8.98) 7.8 (6.68–9.10) 5.21a 0.074

Triacylglycerol (mmol/L) 1.32 (1.01–2.60) 1.2 (0.82–1.81) 1.4 (0.92–2.49) 2.33a 0.312

Cholesterol (mmol/L) 4.30 (3.91–5.03) 4.59 (3.74–5.68) 4.99 (4.32–5.89) 6.84a 0.033*

LDL-C (mmol/L) 2.50 (2.05–3.09) 2.80 (2.03–3.60) 3.06 (2.58–3.92) 9.03a 0.011*

HDL-C (mmol/L) 1.17 (1.00–1.40) 1.16 (0.98–1.48) 1.13 (0.98–1.43) 1.15a 0.562

API 2.19 ± 0.71 2.42 ± 0.91 2.82 ± 0.95 5.05a 0.008*

AI 2.75 ± 0.97 2.92 ± 1.17 3.44 ± 1.20 4.07b 0.019*

AIP 0.08 ± 0.39 0.004 ± 0.31 0.11 ± 0.30 1.41b 0.247

VEGF-A (pg/ml) 15.47 (11.40–25.92) 27.64 (20.62–35.32) 24.85 (18.59–33.54) 17.15a <0.001*

VEGF-C (pg/ml) 52.61 (13.41–150.07) 87.76 (55.69–142.05) 99.82 (53.81–198.35) 4.87a 0.088

VEGF-D (pg/ml) 129.31 (47.14–218.77) 248.54 (150.45–428.89) 274.2 (172.90–401.96) 19.70a <0.001*

PlGF (pg/ml) 1.41 (0.58–2.44) 2.69 (1.89–3.31) 2.41 (1.65–3.87) 16.38a <0.001*

DM, diabetes mellitus; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; HbA1c, hemoglobin; LDL-C, low density lipoprotein cholesterol; HDL-C, high

density lipoprotein cholesterol; VEGF, vascular endothelial growth; PlGF, placental growth factor; API/AI/AIP, atherogenic index of plasma; API, atherogenic plasma index, defined as

LDL-C/HDL-C; AI, atherogenic index, was calculated as TC-(LDL-C)/HDL-C; AIP, atherogenic index of plasma, defined as log triglycerides TG/HDL-C; PIGF, placental growth factor;

VEGF, vascular endothelial growth factor.

*Statistically significant: P ≤ 0.05. According to the type of data and the data distribution, one-way ANOVA analysis (a), Post-hoc LSD correction. b Kruskal–Wallis (a) were applied.

DM groups [6.80 (6.18–7.83) vs. 7.80 (6.68–9.10) years, P =

0.017] of the glycosylated hemoglobin levels were statistically
significant. No significant difference was detected in the duration
of hypertension among the three groups (χ2 = 4.27, P = 0.118)
(Table 1).

Correlations Between Lipid Profile and DR
Severity
The level of TC in the three groups differed significantly [4.30
(3.91–5.03) vs. 4.59 (3.74–5.68) vs. 4.99 (4.32–5.89) mmol/L, P
= 0.033], with the level of TC in the PDR group being higher
than that in the DM group [4.99 (4.32–5.89) vs. 4.30 (3.91–5.03)
mmol/L, P = 0.006]. In addition, LDL-C also showed statistical
differences [2.50 (2.05–3.09) vs. 2.80 (2.03–3.60) vs. 3.06 (2.58–
3.92) mmol/L, P = 0.011], with the level in the PDR group being
higher than that in the DMgroup [3.06 (2.58–3.92) vs. 2.80 (2.03–
3.60) mmol/L, P = 0.002]. No statistically significant difference
was detected in the three groups with respect to TG and HDL
(PTG = 0.312; PHDL−C = 0.562) (Table 1).

Associations Between Atherogenic Indices
and DR
The API in the three DR groups showed a statistically significant
difference (2.19± 0.71 vs. 2.42± 0.91 vs. 2.82± 0.95, P= 0.008),
with the value of the PDR group higher than that of the DM
group (P = 0.003). The difference of AI in the three groups also
differed significantly (2.75 ± 0.97 vs. 2.92 ± 1.17 vs. 3.44 ± 1.20,
P = 0.019), with the value in the PDR group significantly higher
than that in the NPDR and DM group (PPDRvs.NPDR = 0.024,

PPDRvs.DM = 0.010). There was no difference of the AIP-value
between the three groups (P = 0.247) (Table 1).

Correlations Between the Circulating Level
of Angiogenic Cytokines and DR Severity
The plasma level of VEGF-A differed significantly [15.47 (11.40–
25.92) vs. 27.64 (20.62–35.32) vs. 24.85 (18.59–33.54) pg/ml, P
< 0.001], with the level of VEGF-A in NPDR and PDR groups
significantly higher than that in the DM group (PNPDRvs.DM
= 0.002, PPDRvs.DM = 0.001). There was also a significant
difference in VEGF-D between the three groups (P< 0.001), with
higher level in NPDR and PDR groups than that in DM group
(PNPDRvs.DM < 0.001, PPDRvs.DM < 0.001). The level of PlGF in
the three groups differed significantly [1.41 (0.58–2.44) vs. 2.69
(1.89–3.31) vs. 2.41 (1.65–3.87) pg/ml, P < 0.001], with the level
of PlGF in the NPDR and PDR groups significantly higher than
that in the DMgroup [2.69 (1.89–3.31) vs. 1.41 (0.58–2.44) pg/ml,
PNPDRvs.DM = 0.012, 2.41 (1.65–3.87) vs. 1.41 (0.58–2.44) pg/ml,
PPDRvs.DM <0.001]. No statistical significance was detected in the
three groups with the circulating level of VEGF-C (P = 0.088)
(Table 1).

Associations Between Atherogenic Indices
and the Circulating Level of Angiogenic
Cytokines
There was a significant difference in the plasma level of VEGF-D
between the normal and abnormal API group [154.10 (71.78–
274.36) vs. 255.58 (147.91–400.44) pg/ml, P = 0.009]. Similarity,
differed expression level of VEGF-D was found between the
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TABLE 2 | Comparison of the circulating level of VEGF-A, VEGF-C, VEGF-D, and PlGF in patients with abnormal and normal arteriosclerosis-associated plasma indices

(API, AI, AIP).

Cytokines VEGF-A (pg/ml) VEGF-C (pg/ml) VEGF-D (pg/ml) PIGF (pg/ml)

API

Normal API group 22.45 (14.59–32.91) 80.58 (36.06–127.49) 154.1 (71.78–274.36) 2.13 ± 1.32

Abnormal API group 24.85 (18.24–34.29) 90.86 (53.81–182.03) 255.58 (147.91–400.44) 2.54 ± 1.28

t/z −1.25c −1.54c −2.61c −1.63b

P-value 0.211 0.124 0.009* 0.106

AI

Normal AI group 22.77 (15.35–31.86) 80.58 (37.28–127.49) 179.77 (72.09–280.18) 2.16 ± 1.26

Abnormal AI group 26.8 (18.24–35.72) 101.57 (53.81–187.19) 255.59 (147.91–400.45) 2.59 ± 1.32

t/z −1.70c −1.85c −2.40c −1.76b

P-value 0.09 0.064 0.016* 0.081

AIP

Normal AIP group 23.08 (17.63–32.30) 82.65 (38.17–145.62) 192.47 (83.52–286.23) 2.25 ± 1.28

Abnormal AIP group 24.85 (17.63–34.53) 99.82 (51.41–175.89) 252.01 (137.00–389.96) 2.50 ± 1.33

t/z −0.94c −1.15c −1.60c −1.01b

P-value 0.346 0.249 0.111 0.316

*Statistically significant: P ≤ 0.05. According to the type of data and the data distribution, a Kruskal-Wallis test, b independent-sample t-test, and c Mann-Whitney U-test were applied.

VEGF, vascular endothelial growth; PlGF, placental growth factor; DM, diabetes mellitus; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy; API,

atherogenic plasma index (LDL-C/HDL-C); AI, atherogenic index: (TC-(LDL-C))/HDL-C; AIP, atherogenic index of plasma: log (TG/HDL-C).

normal AI and abnormal group [179.77 (72.09–280.18) vs. 255.59
(147.91–400.45) pg/ml, P = 0.016]. There is no significant
difference in the expression level of VEGF-A, VEGF-C, and PlGF
in between the normal API, AI, and AIP groups. No significant
difference was found in the expression level of VEGF-D between
the normal AIP and abnormal AIP groups (Table 2).

Associations Between VEGF-A, -B, -C, -D,
PGF in All Patients With Abnormal and
Normal TC, TG, LDL-C, and HDL-C
The level of VEGF-A, VEGF-C, VEGF-D, PlGF is significantly
higher in the abnormal TC group in comparison with the normal
TC group (PVEGF−A = 0.008; PVEGF−C = 0.001, PVEGF−D = 0.035;
PPlGF = 0.004). Similarity, in the abnormal LDL-C group, the
level of VEGF-A, VEGF-C, VEGF-D, and PlGF is significantly
higher than that in the normal LDL-C group (PVEGF−A =

0.032; PVEGF−C = 0.006; PVEGF−D = 0.018, PPlGF = 0.006). No
statistical difference was found between the circulating level of
VEGF-A, -C, -D, and PlGF in the abnormal TG, HDL-C groups,
compared with that in the normal TG and HDL-C groups,
respectively, indicating the circulating level of the angiogenic
cytokines is correlated with the abnormal serum level of TC and
LDL-C (Table 3).

Multiple Ordinal Logistic Regression
Models Show the Correlations of AI, AIP,
API, and Circulating Levels of VEGF-A,
VEGF-C, VEGF-D, PlGF in Normal, DM, or
DR Groups
Table 4 shows the correlations of the plasma level of VEGF-
A, VEGF-C, VEGF-D, and PlGF with atherogenic indices on

the occurrence and severity of DR using multiple ordinal
logistic regression models. When DM, NPDR, and PDR were
considered as independent variables, after controlling the
duration of diabetes and hypertension, the serum level of
hemoglobins and fasting glucose, AI and API are strong risk
factors for the occurrence and severity of DR. Atherogenic
index is associatd with VEGF-D [AI: P = 0.038, OR =

1.38 (1.02–1.86); VEGF-D: P = 0.002, OR = 1.00 (1.00–
1.01)] and PlGF [AI: P = 0.021, OR = 1.43 (1.06–1.92);
PlGF: P = 0.004, OR = 1.50 (1.14–1.98)] contributed to
DR (Table 4A). Atherogenic plasma index is associated with
VEGF-D (Table 4B): [API: P = 0.027, OR = 1.56 (1.05–2.30);
VEGF-D:P = 0.002, OR = 1.00 (1.00–1.01)] and PlGF [API:
P = 0.011, OR = 1.66 (1.12–2.47); PlGF: P = 0.005, OR
= 1.49 (1.13–1.96)] (Table 4B). The correlations etween AIP
and VEGF-C, VEGF-D, VEGF-A, PlGF were summarized in
Table 4C.

The Arteriosclerosis-Associated Plasma
Indices AI and API Are More Reliable DR
Predictors Than the Traditional Lipid
Parameters LDL-C, TC TG, and HDL-C
The above analysis has proved that API and AI strongly
associated with DR severity. A greater area under the ROC
(AUC) means a more useful test of the statistical model. The
AUC of AI (AUC:0.72; 95% CI: 0.62–0.82) and API (AUC:
0.75;95%CI: 0.65–0.84) is much higher than TC (AUC:0.68;
95%CI: 0.58–0.78), TG (AUC: 0.54; 95% CI 0.41–0.67) LDL-
C (AUC:0.72; 95% CI: 0.62–0.82), HDL-C (AUC:0.57, 95% CI:
0.45–0.69), indicating that both API and AI have higher capacity
to differential DR.

Frontiers in Medicine | www.frontiersin.org 5 November 2021 | Volume 8 | Article 779413

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Dyslipidemia and Cytokines in Diabetic Retinopathy

TABLE 3 | Comparison of the circulating level of VEGF-A, VEGF-C, VEGF-D, and PlGF in all patients with abnormal and normal TC, LDL, TG, and HDL.

VEGF-A VEGF-C VEGF-D PlGF

(pg/ml) (pg/ml) (pg/ml) (pg/ml)

TC:

Normal TC group 22.45 (17.09–32.30) 77.16 (43.40–125.32) 201.47 (122.13–335.91) 2.14 (0.99–3.10)

Abnormal TC group 27.64 (19.86–37.45) 122.65 (61.12–219.99) 266.55 (142.79–427.94) 2.84 (1.78–3.66)

z −2.66b −3.31b −2.11b −2.87b

P-value 0.008* 0.001* 0.035* 0.004*

LDL-C:

Normal LDL-C group 22.77 (17.41–32.30) 78.50 (42.61–128.59) 196.32 (102.48–335.91) 2.14 (1.00–3.13)

Abnormal LDL-C group 27.64 (19.33–37.06) 118.52 (55.69–212.44) 266.55 (178.27–433.74) 2.84 (1.69–3.66)

z −2.14b −2.77b −2.36b −2.74b

P-value 0.032* 0.006* 0.018* 0.006*

TG:

Normal TG group 24.85 (18.59–34.20) 82.65 (46.90–140.71) 245.08 (128.21–395.90) 2.47 (1.34–3.28)

Abnormal TG group 24.49 (16.68–32.01) 115.51 (48.03–207.07) 209.77 (121.46–361.79) 1.85 (1.31–3.51)

z −0.84b −1.48b −0.51b −0.74b

P-value 0.400 0.140 0.610 0.458

HDL-C:

Normal HDL-C group 24.85 (17.76–33.56) 99.82 (47.23–186.00) 227.54 (110.30–405.02) 2.41 ± 1.34

Abnormal HDL-C group 24.86 (18.06–33.30) 81.95 (46.60–117.01) 233.87 (136.74–363.15) 2.33 ± 1.17

t/z −0.29b −0.99b −0.10b −0.37a

P-value 0.772 0.321 0.921 0.712

VEGF, vascular endothelial growth; PlGF, placental growth factor; TC, cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol.

*Statistically significant: P ≤ 0.05. According to the type of data and the data distribution, a independent-sample t-test, and b Mann-Whitney U-test were applied.

DISCUSSION

In this study, we found that serum TC, LDL-C, AI, and
API in the NPDR and PDR groups were significantly higher
than those in the DM group. The circulating level of
PlGF, VEGF-A, and C were significantly correlated with
the severity of DR. Multivariate logistic regression showed
that diabetes duration, AI and API are strong risk factors
for DR. Furthermore, AI and API have synergic effects
with VEGF-D and PlGF with various severity levels of
DR, indicating AI and API are novel predictors of DR.
This study, for the first time, clarified and elucidated the
pathological mechanism of dyslipidemia in the pathogenesis
of DR.

It has been reported that the prevalence of DR is 35%
globally by a meta-analysis (17). The duration of DM is a
key risk factor for DR. In addition, systemic factors such as
hyperglycemia, hypertension and hyperlipidemia contribute and
accelerate the progression and deterioration of DR. Several
studies have indicated that a high level of TC and LDL-C
promotes the occurrence and progression of retinopathy and
coronary heart disease in DM (18–20). The exact mechanism(s)
underlying hyperlipidemia-mediated DR has not yet been
elucidated. The current study provided the first evidence
that abnormal lipid metabolism promotes the occurrence and
development of DR by upregulating the expression of VEGF-
A, VEGF-C, VEGF-D, and PlGF in the circulating of patients
with DR.

Abnormal Lipid Metabolism Is Closely
Correlated to the Occurrence and
Progression of DR
The Wisconsin Epidemiologic Study of DR first identified that
a long-term increase in the serum level of TC might be a
risk factor for hard exudates in DR in 1991 (21), FIELD and
ACCORD study further confirmed that lipid-lowing therapy with
fenofibrate significantly reduce the progression of DR and the
need for laser treatment (3, 22), indicating that intensive lipid
control is correlated with improved clinical prognosis. Statins are
the most effective drug to reduce TC and LDL-C. However, the
role of statins is more profound in cardiovascular disease than
DR (3, 22–24).

Our study found that the levels of TC and LDL-C in the NPDR
and PDR groups were significantly higher than those in the DM
group, which are consistent with the results of previous studies
on type 1 DM (25). In addition, the serum levels of TC and LDL-
C in PDR patients were significantly increased compared to those
patients with NPDR and DM, suggesting that the increased levels
of TC and LDL-C in serum accelerate the progression of DR.

AI and API Are Independent Risk Factors
for DR
In this study, the lipid metabolism indices were used to explore
the relationship between dysregulated lipid metabolism and the
expression level of circulating cytokines and DR severity. In
routine clinical practice, LDL-C is calculated (by the Friedewald
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TABLE 4 | Multiple ordinal logistic regression models showing that AI and API contributed to the occurrence and severity of DR asscociated with elevated circulating level

of VEGF-D and PIGF.

Variable Estimate StdErr P-value OR

(A)

Model 1 AI 0.39 0.15 0.010* 1.48 (1.10–1.99)

VEGF-A 0.02 0.01 0.098 1.02 (1.00–1.04)

Model 2 AI 0.35 0.16 0.027* 1.41 (1.04–1.92)

VEGF-C 0.00 0.00 0.093 1.00 (1.00–1.01)

Model 3 AI 0.32 0.15 0.038* 1.38 (1.02–1.86)

VEGF-D 0.00 0.00 0.002* 1.00 (1.00–1.01)

Model 4 AI 0.35 0.15 0.021* 1.43 (1.06–1.92)

PlGF 0.41 0.14 0.004* 1.50 (1.14–1.98)

(B)

Model 1 API 0.56 0.20 0.004* 1.74 (1.19–2.59)

VEGF-A 0.02 0.01 0.093 1.02 (1.00–1.04)

Model 2 API 0.50 0.20 0.013* 1.65 (1.11–2.45)

VEGF-C 0.00 0.00 0.105 1.00 (1.00–1.01)

Model 3 API 0.44 0.20 0.027* 1.56 (1.05–2.30)

VEGF-D 0.00 0.00 0.002* 1.00 (1.00–1.01)

Model 4 API 0.50 0.20 0.011* 1.66 (1.12–2.45)

PlGF 0.40 0.14 0.005* 1.49 (1.13–1.96)

(C)

Model 1 AIP 0.39 0.50 0.444 1.47 (0.55–3.95)

VEGF-A 0.02 0.01 0.084 1.02 (1.00–1.04)

Model 2 AIP 0.14 0.52 0.783 1.15 (0.42–3.20)

VEGF-C 0.00 0.00 0.037 1.00 (1.00–1.01)

Model 3 AIP 0.34 0.51 0.507 1.40 (0.52–3.82)

VEGF-D 0.00 0.00 0.001* 1.00 (1.00–1.01)

Model 4 AIP 0.27 0.51 0.593 1.31 (0.49–3.55)

PlGF 0.44 0.14 0.002* 1.55 (1.18–2.04)

API, atherogenic plasma index (LDL-C/HDL-C); AI, atherogenic index (TC-(LDL-C))/HDL-C; DM, diabetes mellitus; NPDR, non-proliferative diabetic retinopathy; PDR, proliferative diabetic

retinopathy; PIGF, placental growth factor; VEGF-D, vascular endothelial growth factor D; HBP, hypertension; HbA1c, hemoglobin A1c. When DM, NPDR, and PDR were considered as

the independent variable, after controlling the age, sex, duration of diabetes and hypertention, fast glucose, and hemoglobin, the multiple ordinal regression models show that AI and

API contributed to the occurrence and serverity of DR associated with elevated plasma level of VEGF-D and PIGF. *P ≤ 0.05 is considered statistical significance.

formula) than measured directly. Several studies have found that
the estimation of LDL-C has significant limitations, especially in
individuals with hypertriglyceridemia with DM (it may contain
abnormal composition of the TG-rich lipoproteins which is not
considered in the Friedewald formula) (14, 26–28).

Non-HDL-C represents the cholesterol components carried
by atherogenic lipoproteins such as LDL, very low density
lipoprotein, and intermediate density lipoprotein and has been
recommended as the primary lipid-lowing target by the 2019
American College of Cardiology (ACC) and American Heart
Association (AHA) guidelines on the management of blood
cholesterol (29).

It has been confirmed by studies in cardiovascular diseases
that AI and API reflect two or three traditional parameters,
which are simple and economic and can be used as biomarkers.
Atherogenic index and API have several key advantages than the
traditional lipid parameters: they have explicit pathophysiologic
link to the development of atherosclerosis, robust from a
laboratory measurement standpoint etc. (14) API, AI, and

AIP have been applied for assessing plasma lipid homeostasis
and are also implicated in the pathogenesis of macrovascular
complications, especially in the early stage of the disease
when the unaltered concentration of various lipids is increased
(30). Atherogenic plasma index is a sensitive predictor of
asymptomatic type 2 DM patients with coronary atherosclerosis
and the incidence of microvascular complications and peripheral
neuropathy in DM patients increased significantly with the
increased AIP (15, 31). Since this is the first study to apply
the indices in eye study, we used the ROC curve, the objective
method to obtain the cut off value, and also referred to the value
of the lipid metabolism in cardiovascular and atherosclerosis
studies [API: 0.16–2.24 (32), AI: 3.21–3.37 (33), AIP: 0.6–0.21
(34, 35)].

In this study, we found that the AUC of AI (TC-(HDL-
C)/HDL-C) (a) and API (LDL-C/HDL-C) is significantly higher
than TC, TG, LDL-C, and HDL-C, indicating these simpler
combined parameters have higher diagnostic capacity than the
traditional parameters for DR. Furthermore, logistic regression
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analysis showed that AI and API are independent risk factors for
DR, and provide evidence for a link between lipid metabolism
and DR.

Dysregulated Circulating Lipid Metabolism
Promotes the Occurrence and
Development of DR by Upregulating
VEGF-A, VEGF-C, VEGF-D, and PlGF
VEGF-A is not only the most important vascular leakage inducer
but also a key angiogenesis factor and a target of anti-VEGF
therapy in ocular conditions (36, 37). However, macular oedema
does not resolve completely in a number of patients with DR
suggesting that there are other influencers in the pathogenesis
of DR. Our study shows that other family members of VEGF
are also raised in DR, indicating the need for novel molecular
targets. Both VEGF-C and VEGF-D are secreted glycoproteins
that exhibit structural homology but have differential receptor
binding (Flk-1 and Flt-3, respectively) and regulatory mechanism
is a vital mediator to angiogenesis in ischemic heart disease in
type 2 DM (38). These cytokines have been demonstrated as
independent predictors for suspected coronary artery disease and
are associated with all-cause mortality (39). In a previous study,
VEGF-A-FLK-1 signaling has been shown as a primary mediator
of endothelial cell mitogenesis, survival, and microvascular
permeability (40). Together with VEGF-A, VEGF-C, and VEGF-
D promote blood vessel development (angiogenesis) by binding
and activating VEGF-R-2 and VEGF-R-3. VEGF-C is also a
potent inducer of vascular permeability and angiogenesis in
AMD. The ongoing phase III trial is investigating a soluble
form of VEGF-R-3, which comprises the extracellular domains
1–3 of human VEGF-R3. In addition, the Fc fragment of
human IgG1 suppresses the binding of VEGF-C and -D to
VEGF-R 2 and 3, respectively (ClinicalTrials.gov Identifier:
NCT02543229). The positive outcome from the phase II trial has
shown that the combined intravitreal administration of OPT-
302 and ranibizumab is better than ranibizumab alone for the
patient’s vision prognosis. Furthermore, PlGF is deemed to play
a crucial role in both experimental animal models and retinal
vascularization (41, 42). A high expression level of PlGF has also
been detected in vitreous and PDR membrane in patients with
PDR (43–46).

In the present study, based on a significant body of evidence
in preclinical and clinical studies that support the pathological
function of VEGF-A, -C, -D, and PlGF, a protein chip-Luminex
technology was applied to quantitatively detect the circulating
expression levels in patients with abnormal lipid metabolism
group and normal group, respectively. We found that the
circulating level of VEGF-D significantly contributed to the
occurrence and servierty of DR associated with AI and API,
confirmed the previous finding that VEGF-D is also an important
regulator of genes related to lipid metabolism and inflammation
(47–50). Our results also provide evidence for the first time
that besides diabetes duration, AI, API, VEGF-D, and PlGF
are strong risk factors for the occurrence and progression of
DR. Atherogenic index and API have synergic effects with

VEGF-D and PlGF. Placental growth factor may release VEGF-
A by binding to VEGF-R-1 to activate VEGF-R-2, thereby
indirectly stimulating angiogenesis, or combined with VEGF-R-1
to promote the proliferation of endothelial cells and angiogenesis
(44). Animal experiments also have shown that PlGF promotes
the infiltration of macrophages in early atherosclerotic lesions
in apolipoprotein E deficiency (Apo E−/−) mice and rabbits
with high TC. In this study, by logistic regression analysis, after
controlling the age, sex, duration of diabetes and VEGF-A, -C, -
D, the serum level of TC and LDL was found to concomitant with
higher level expression of PlGF in either DM or DR group, HDL
was found to be negatively with PlGF expression. Thus, it could
be speculated that high non-HDL-C promotes the development
of DR by upregulating the expression of PlGF.

Presently, the specific regulatory mechanism of abnormal
lipid metabolism involved in the progression of DR is yet to be
clarified. Nevertheless, the present study has some limitations.
Due to the small sample size, confounding factors could not
be eliminated in the analysis process, and various measurement
methods and correction factorsmight also affect the results of this
study. Well-matched and large-scale prospective clinical trials
and cohort studies are warranted to validate the conclusions in
the study.

In summary, the ratios of LDL-C/HDL-C and TC-LDL-
C/HDL-C are useful and simple indicators of DR. The present
study further found that dysregulation of lipid metabolism
promotes the development of DR and are associated with
upregulation of circulating VEGF-A, VEGF-C, VEGF-D, and
PlGF. The current results may partly explain why the response
to anti-VEGF varies between individuals. Strengthening the
management of blood lipids in patients with DM may help to
reduce the levels of VEGF and PlGF and resultant oedema.
Therefore, patients with DM should focus on the management
of blood lipids in addition to their glycemic status. Further
understanding the correlation between the arteriosclerosis-
associated plasma indices and circulating levels of angiogenic
cytokines can be translated to novel therapeutic targets for DR.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary materials, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Beijing Tongren Hospital. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

XZ contributed to conception and design of the study, perform
the statistical analysis, revise and draft the manuscript. BQ
and QW organized the database, performed the experiments,

Frontiers in Medicine | www.frontiersin.org 8 November 2021 | Volume 8 | Article 779413

https://ClinicalTrials.gov
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Dyslipidemia and Cytokines in Diabetic Retinopathy

performed the statistical analysis and drafted the manuscript. SS
provided comments and revised themanuscript. LZ, RX, andWK
helped to enroll patients and were involved in the experiments.
YW and LL performed the statistical analysis. All authors
contributed to manuscript revision, read, and approved the
submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grants 81570850, 81170859, and
82070988) and the Ministry of Science and Technology
Foundation of China (Grant 2016YFC1305604).

REFERENCES

1. Cheung N, Mitchell P, Wong TY. Diabetic retinopathy. Lancet. (2010)

376:124–36. doi: 10.1016/S0140-6736(09)62124-3

2. Sayin N, Kara N, Pekel G. Ocular complications of diabetes mellitus. World J

Diabetes. (2015) 6:92–108. doi: 10.4239/wjd.v6.i1.92

3. Keech AC, Mitchell P, Summanen PA, O’Day J, Davis TME, Moffitt MS,

et al. Effect of fenofibrate on the need for laser treatment for diabetic

retinopathy (FIELD study): a randomised controlled trial. Lancet. (2007)

370:1687–97. doi: 10.1016/S0140-6736(07)61607-9

4. Chew EY, Ambrosius WT. Update of the ACCORD eye study. N Engl J Med.

(2011) 364:188–9. doi: 10.1056/NEJMc1011499

5. Diabetic Retinopathy Clinical Research Network, Wells JA, Glassman AR,

Ayala AR, Jampol LM, AielloLP, Antoszyk AN, et al. Aflibercept, bevacizumab,

or ranibizumab for diabetic macular edema. N Engl J Med. (2015) 372:1193–

203. doi: 10.1056/NEJMoa1414264

6. Diabetic Retinopathy Clinical Research Network, Bressler, SB, Ayala

AR, Bressler NM, Melia M, Qin H, Ferris FL, et al. Persistent

macular thickening after ranibizumab treatment for diabetic

macular edema with vision impairment. JAMA Ophthalmol. (2016)

134:278–85. doi: 10.1001/jamaophthalmol.2015.5346

7. Diabetic Retinopathy Clinical Research Network, Bressler, NM, Beaulieu WT,

Glassman AR, Blinder KJ, Bressler SB, Jampol LM, et al. Persistent macular

thickening following intravitreous aflibercept, bevacizumab, or ranibizumab

for central-involved diabetic macular edema with vision impairment: a

secondary analysis of a randomized clinical trial. JAMA Ophthalmol. (2018)

136:257–69. doi: 10.1001/jamaophthalmol.2017.6565

8. Diabetic Retinopathy Clinical Research Network, Elman MJ, Aiello LP,

Beck RW, Bressler NM, Bressler SB, Edwards AR, et al. Randomized trial

evaluating ranibizumab plus prompt or deferred laser or triamcinolone plus

prompt laser for diabetic macular edema. Ophthalmology. (2010) 117:1064–

77.e35. doi: 10.1016/j.ophtha.2010.02.031

9. Benarous R, Sasongko MB, Qureshi S, Fenwick E, Dirani M, Wong TY,

et al. Differential association of serum lipids with diabetic retinopathy

and diabetic macular edema. Invest Ophthalmol Vis Sci. (2011) 52:7464–

9. doi: 10.1167/iovs.11-7598

10. ACCORD Eye Study Group, Chew EY, Ambrosius WT, Davis MD,

Danis RP, Gangaputra S, Greven CM, et al. Effects of medical therapies

on retinopathy progression in type 2 diabetes. N Engl J Med. (2010)

367:2458. doi: 10.1056/NEJMoa1001288

11. Miljanovic B, Glynn RJ, Nathan DM, Manson JE, Schaumberg DA, A.

prospective study of serum lipids and risk of diabetic macular edema

in type 1 diabetes. Diabetes. (2004) 53:2883–92. doi: 10.2337/diabetes.53.

11.2883

12. Klein BEK, Myers CE, Howard KP, Klein R. Serum lipids

and proliferative diabetic retinopathy and macular edema in

persons with long-term type 1 diabetes mellitus: the Wisconsin

Epidemiologic Study of Diabetic Retinopathy. JAMA Ophthalmol. (2015)

133:503–10. doi: 10.1001/jamaophthalmol.2014.5108

13. Dobiásová M, Frohlich J. The plasma parameter log (TG/HDL-C) as an

atherogenic index: correlation with lipoprotein particle size and esterification

rate in apoB-lipoprotein-depleted plasma (FER(HDL)). Clin Biochem. (2001)

37:583–8. doi: 10.1016/S0009-9120(01)00263-6

14. National Lipid Association Taskforce on Non-HDL Cholesterol. Blaha MJ,

Blumenthal RS, Brinton EA, Jacobson TA. The importance of non-HDL

cholesterol reporting in lipid management. J Clin Lipidol. (2008) 2:267–

73. doi: 10.1016/j.jacl.2008.06.013

15. Hermans MP, Ahn SA, Rousseau MF. The atherogenic dyslipidemia ratio

[log(TG)/HDL-C] is associated with residual vascular risk, beta-cell function

loss and microangiopathy in type 2 diabetes females. Lipids Health Dis. (2012)

11:132. doi: 10.1186/1476-511X-11-132

16. Wei L, Wei M, Chen L, Liang S, Gao F, Cheng X, et al. Low-density

lipoprotein cholesterol: high-density lipoprotein cholesterol ratio is associated

with incident diabetes in Chinese adults: a retrospective cohort study.Diabetes

Investig. (2021) 12:91–8. doi: 10.1111/jdi.13316

17. Yau JWY, Rogers SL, Kawasaki R, Lamoureux EL, Kowalski JW, Bek T, et

al. Global prevalence and major risk factors of diabetic retinopathy. Diabetes

Care. (2012) 35:556–64. doi: 10.2337/dc11-1909

18. Srinivasan S, Raman R, Kulothungan V, Swaminathan G, Sharma T. Influence

of serum lipids on the incidence and progression of diabetic retinopathy

andmacular oedema: Sankara Nethralaya Diabetic Retinopathy Epidemiology

And Molecular genetics Study-II. Clin Exp Ophthalmol. (2017) 45:894–

900. doi: 10.1111/ceo.12990

19. Itoh H, Ueshima K, Komuro I. Intensive treat-to-target statin therapy

in high-risk japanese patients with hypercholesterolemia and diabetic

retinopathy: report of a randomized study. Diabetes Care. (2018) 41:1275–

84. doi: 10.2337/dci18-0028

20. Zhou Y,WangC, Shi K, Yin X. Relationship between dyslipidemia and diabetic

retinopathy: a systematic review and meta-analysis. Medicine (Baltimore).

(2018) 97:e12283. doi: 10.1097/MD.0000000000012283

21. Klein BE, Moss SE, Klein R, Surawicz TS. The wisconsin

epidemiologic study of diabetic retinopathy XIII. Relationship of serum

cholesterol to retinopathy and hard exudate. Ophthalmology. (1991)

98:1261–5. doi: 10.1016/S0161-6420(91)32145-6

22. Action to Control Cardiovascular Risk in Diabetes Eye Study Research Group.

Chew EY, Davis MD, Danis RP, Lovato JF, Perdue LH, Greven C, et al. The

effects of medical management on the progression of diabetic retinopathy

in persons with type 2 diabetes: the Action to Control Cardiovascular

Risk in Diabetes (ACCORD) Eye Study. Ophthalmology. (2014) 121:2443–

51. doi: 10.1016/j.ophtha.2014.07.019

23. Nielsen SF, Nordestgaard BG. Statin use before diabetes diagnosis and risk of

microvascular disease: a nationwide nested matched study. Lancet Diabetes

Endocrinol. (2014) 2:894–900. doi: 10.1016/S2213-8587(14)70173-1

24. Kang EY-C, Chen T-H, Garg SJ, Sun C-C, Kang J-H, Wu W-C,

et al. Association of statin therapy with prevention of vision-

threatening diabetic retinopathy. JAMA Ophthalmol. (2019)

137:363–71. doi: 10.1001/jamaophthalmol.2018.6399

25. Wong TY, Cheung N, Tay WT, Wang JJ, Aung T, Saw SM, et al. Prevalence

and risk factors for diabetic retinopathy: the Singapore Malay Eye Study.

Ophthalmology. (2008) 115:1869–75. doi: 10.1016/j.ophtha.2008.05.014

26. Expert Panel on Detection, Evaluation, and Treatment of High Blood

Cholesterol in Adults. Executive Summary of the third report of the national

cholesterol education program (NCEP) expert panel on detection, evaluation,

and treatment of high blood cholesterol in adults (adult treatment panel III).

JAMA. (2001) 285:2486–97. doi: 10.1001/jama.285.19.2486

27. Tremblay AJ, Morrissette H, Gagné J-M, Bergeron J, Gagné

C, Couture P. Validation of the Friedewald formula for the

determination of low-density lipoprotein cholesterol compared with

beta-quantification in a large population. Clin Biochem. (2004)

37:785–90. doi: 10.1016/j.clinbiochem.2004.03.008

28. Friedewald WT, Levy RI, Fredrickson DS. Estimation of the

concentration of low-density lipoprotein cholesterol in plasma,

without use of the preparative ultracentrifuge. Clin Chem. (1972)

18:499–502. doi: 10.1093/clinchem/18.6.499

Frontiers in Medicine | www.frontiersin.org 9 November 2021 | Volume 8 | Article 779413

https://doi.org/10.1016/S0140-6736(09)62124-3
https://doi.org/10.4239/wjd.v6.i1.92
https://doi.org/10.1016/S0140-6736(07)61607-9
https://doi.org/10.1056/NEJMc1011499
https://doi.org/10.1056/NEJMoa1414264
https://doi.org/10.1001/jamaophthalmol.2015.5346
https://doi.org/10.1001/jamaophthalmol.2017.6565
https://doi.org/10.1016/j.ophtha.2010.02.031
https://doi.org/10.1167/iovs.11-7598
https://doi.org/10.1056/NEJMoa1001288
https://doi.org/10.2337/diabetes.53.11.2883
https://doi.org/10.1001/jamaophthalmol.2014.5108
https://doi.org/10.1016/S0009-9120(01)00263-6
https://doi.org/10.1016/j.jacl.2008.06.013
https://doi.org/10.1186/1476-511X-11-132
https://doi.org/10.1111/jdi.13316
https://doi.org/10.2337/dc11-1909
https://doi.org/10.1111/ceo.12990
https://doi.org/10.2337/dci18-0028
https://doi.org/10.1097/MD.0000000000012283
https://doi.org/10.1016/S0161-6420(91)32145-6
https://doi.org/10.1016/j.ophtha.2014.07.019
https://doi.org/10.1016/S2213-8587(14)70173-1
https://doi.org/10.1001/jamaophthalmol.2018.6399
https://doi.org/10.1016/j.ophtha.2008.05.014
https://doi.org/10.1001/jama.285.19.2486
https://doi.org/10.1016/j.clinbiochem.2004.03.008
https://doi.org/10.1093/clinchem/18.6.499
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Zhang et al. Dyslipidemia and Cytokines in Diabetic Retinopathy

29. Pwf W, Polonsky TS, Miedema MD, Khera A, Kosinski AS,

Kuvin JT. Correction to: Systematic Review for the 2018

AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/PCNA

guideline on the management of blood cholesterol: a report of

the American College of Cardiology/American Heart Association

Task Force on Clinical Practice Guidelines. Circulation. (2019)

139:e1144–61. doi: 10.1161/CIR.0000000000000700

30. Brizzi P, Tonolo G, Carusillo F, Malaguarnera M, Maioli M, Musumeci S.

Plasma lipid composition and LDL oxidation. Clin Chem Lab Med. (2003)

41:56–60. doi: 10.1515/CCLM.2003.010

31. Fujihara K, Suzuki H, Sato A, Kodama S, Heianza Y, Saito K, et al. Carotid

artery plaque and LDL-to-HDL cholesterol ratio predict atherosclerotic status

in coronary arteries in asymptomatic patients with type 2 diabetes mellitus.

Atheroscler Thromb. (2013) 20:452–64. doi: 10.5551/jat.14977

32. Zhu XW, Deng FY, Lei SF. Meta-analysis of atherogenic index of plasma and

other lipid parameters in relation to risk of type 2 diabetes mellitus. Prim Care

Diabetes. (2015) 9:60–7. doi: 10.1016/j.pcd.2014.03.007

33. Wasana KGP, Attanayake AP,Weerarathna TP, Jayatilaka KAPW. Efficacy and

safety of a herbal drug of Coccinia grandis (Linn.) Voigt in patients with type 2

diabetes mellitus: a double blind randomized placebo controlled clinical trial.

Phytomedicine. (2021) 81:153431. doi: 10.1016/j.phymed.2020.153431

34. Cho SK, Kim JW, Huh JH, Lee KJ. Atherogenic index of plasma is a potential

biomarker for severe acute pancreatitis: a prospective observational study. J

Clin Med. (2020) 9:2982. doi: 10.3390/jcm9092982

35. Wang Q, Zheng D, Liu J, Fang L, Li Q. Atherogenic index of

plasma is a novel predictor of non-alcoholic fatty liver disease in

obese participants: a cross-sectional study. Lipids Health Dis. (2018)

17:284. doi: 10.1186/s12944-018-0932-0

36. Ferrara N. Role of vascular endothelial growth factor in physiologic and

pathologic angiogenesis: therapeutic implications. Semin Oncol. (2002) 29:10–

4. doi: 10.1053/sonc.2002.37264

37. Sharma T. Evolving role of anti-VEGF for diabetic macular

oedema: from clinical trials to real life. Eye (Lond). (2020)

34:415–7. doi: 10.1038/s41433-019-0590-0

38. Klimontov VV, Tyan NV, Orlov NB, Shevchenko AV, Prokofiev VF, Myakina

NE, et al. Association of serum levels and gene polymorphism of vascular

endothelium growth factor with ischemic heart disease in type 2 diabetic

patients. Kardiologiia. (2017) 57:17–22.

39. Wada H, Suzuki M, Matsuda M, Ajiro Y, Shinozaki T, Sakagami S, et al.

Distinct characteristics of VEGF-D and VEGF-C to predict mortality in

patients with suspected or known coronary artery disease. Amer Heart Assoc.

(2020) 9:e015761. doi: 10.1161/JAHA.119.015761

40. American Diabetes Association. Standards of Medical Care in Diabetes-2017.

Diabetes Care. (2017) 40:S4–5. doi: 10.2337/dc17-S003

41. Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, Mol MD, et al.

Synergism between vascular endothelial growth factor and placental growth

factor contributes to angiogenesis and plasma extravasation in pathological

conditions. Nat Med. (2001) 7:575–83. doi: 10.1038/87904

42. Huang H, He J, Johnson DK, Wei Y, Liu Y, Wang S, et al. Deletion of

placental growth factor prevents diabetic retinopathy and is associated with

Akt activation andHIF1α-VEGF pathway inhibition.Diabetes. (2015) 64:200–

12. doi: 10.2337/db14-0016

43. Kahtani EA, Xu Z, Rashaed SA, Wu L, Mahale A, Tian J, et al. Vitreous

levels of placental growth factor correlate with activity of proliferative diabetic

retinopathy and are not influenced by bevacizumab treatment. Eye (Lond).

(2017) 31:529–36. doi: 10.1038/eye.2016.246

44. Nguyen QD, Falco SD, Behar-Cohen F, Lam W-C, Li X, Reichhart N, et

al. Placental growth factor and its potential role in diabetic retinopathy

and other ocular neovascular diseases. Acta Ophthalmol. (2018) 96:e1–

9. doi: 10.1111/aos.13325

45. Khaliq A, Foreman D, Ahmed A, Weich H, Gregor Z, McLeod D, et

al. Increased expression of placenta growth factor in proliferative diabetic

retinopathy. Lab Invest. (1998) 78:109–16.

46. Miyamoto N. Kozak, YD, Jeanny, JC, Glotin, A, Mascarelli, F, Massin,

P, et al. Placental growth factor-1 and epithelial haemato-retinal barrier

breakdown: potential implication in the pathogenesis of diabetic retinopathy.

Diabetologia. (2007) 50:461–70. doi: 10.1007/s00125-006-0539-2

47. Tirronen A, Vuorio T, Kettunen S, Hokkanen K, Ramms B, Niskanen

H, et al. Deletion of lymphangiogenic and angiogenic growth factor

VEGF-D leads to severe hyperlipidemia and delayed clearance

of chylomicron remnants. Arterioscler Thromb Vasc Biol. (2018)

38:2327–37. doi: 10.1161/ATVBAHA.118.311549

48. Chakraborty A, Barajas S, Lammoglia GM, Reyna AJ, Morley TS, Johnson

JA, et al. Vascular endothelial growth factor-D (VEGF-D) overexpression

and lymphatic expansion in murine adipose tissue improves metabolism

in obesity. Am J Pathol. (2019) 189:924–39. doi: 10.1016/j.ajpath.2018.

12.008

49. Alitalo AK, Proulx ST, Karaman S, Aebischer D, Martino S, Jost

M, et al. VEGF-C and VEGF-D blockade inhibits inflammatory skin

carcinogenesis. Cancer Res. (2013) 73:4212–21. doi: 10.1158/0008-5472.CAN-

12-4539

50. Karaman S, Hollmén M, Robciuc MR, Alitalo A, Nurmi H, Morf B, et al.

Blockade of VEGF-C and VEGF-D modulates adipose tissue inflammation

and improves metabolic parameters under high-fat diet. Mol Metab. (2015)

4:93–105. doi: 10.1016/j.molmet.2014.11.006

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Zhang, Qiu, Wang, Sivaprasad, Wang, Zhao, Xie, Li and Kang.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Medicine | www.frontiersin.org 10 November 2021 | Volume 8 | Article 779413

https://doi.org/10.1161/CIR.0000000000000700
https://doi.org/10.1515/CCLM.2003.010
https://doi.org/10.5551/jat.14977
https://doi.org/10.1016/j.pcd.2014.03.007
https://doi.org/10.1016/j.phymed.2020.153431
https://doi.org/10.3390/jcm9092982
https://doi.org/10.1186/s12944-018-0932-0
https://doi.org/10.1053/sonc.2002.37264
https://doi.org/10.1038/s41433-019-0590-0
https://doi.org/10.1161/JAHA.119.015761
https://doi.org/10.2337/dc17-S003
https://doi.org/10.1038/87904
https://doi.org/10.2337/db14-0016
https://doi.org/10.1038/eye.2016.246
https://doi.org/10.1111/aos.13325
https://doi.org/10.1007/s00125-006-0539-2
https://doi.org/10.1161/ATVBAHA.118.311549
https://doi.org/10.1016/j.ajpath.2018.12.008
https://doi.org/10.1158/0008-5472.CAN-12-4539
https://doi.org/10.1016/j.molmet.2014.11.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Dysregulated Serum Lipid Metabolism Promotes the Occurrence and Development of Diabetic Retinopathy Associated With Upregulated Circulating Levels of VEGF-A, VEGF-D, and PlGF
	Introduction
	Subjects and Methods
	Participants
	Inclusion and Exclusion Criteria
	Eye Examination
	Routine Eye Examination

	Definition of Dyslipidemia
	Determination of the Cutoff Value of AIP, API, and AI by Receiver Operating Characteristic Curve
	Determination of the Plasma Level of Cytokines
	Sample Size Calculation
	Statistical Analysis

	Results
	Baseline Demographic and Clinical Characteristics
	Correlations Between Lipid Profile and DR Severity
	Associations Between Atherogenic Indices and DR
	Correlations Between the Circulating Level of Angiogenic Cytokines and DR Severity
	Associations Between Atherogenic Indices and the Circulating Level of Angiogenic Cytokines
	Associations Between VEGF-A, -B, -C, -D, PGF in All Patients With Abnormal and Normal TC, TG, LDL-C, and HDL-C
	Multiple Ordinal Logistic Regression Models Show the Correlations of AI, AIP, API, and Circulating Levels of VEGF-A, VEGF-C, VEGF-D, PlGF in Normal, DM, or DR Groups
	The Arteriosclerosis-Associated Plasma Indices AI and API Are More Reliable DR Predictors Than the Traditional Lipid Parameters LDL-C, TC TG, and HDL-C

	Discussion
	Abnormal Lipid Metabolism Is Closely Correlated to the Occurrence and Progression of DR
	AI and API Are Independent Risk Factors for DR
	Dysregulated Circulating Lipid Metabolism Promotes the Occurrence and Development of DR by Upregulating VEGF-A, VEGF-C, VEGF-D, and PlGF

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


