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Purpose: To investigate the mechanisms underlying the correlations between diabetic
retinopathy (DR) and diabetic nephropathy (DKD) and examine whether circulating
cytokines and dyslipidemia contribute to both DR and DKD in patients with 2 diabetes
mellitus (T2DM).

Methods: A total of 122 patients with T2DM were enrolled and categorized into the
DM group (without no DR and DKD), DR group [non-proliferative DR (NPDR), and
proliferative DR (PDR)] with no DKD), DR complicated with DKD groups (DR+DKD
group). The biochemical profile, including fasting blood glucose (FBG), glycated
hemoglobin (HbAlc), and lipid profile were estimated, and plasma inflammatory and
angiogenic cytokines [monocyte chemoattractant protein-1 (MCP-1), interleukin (IL)-
6, IL-8, vascular endothelial growth factor (VEGF)-A, C, D, and placental growth factor
(PIGF)] were analyzed by protein microarrays. The atherogenic plasma index (API)
was defined as low-density lipoprotein cholesterol (LDL-C)/high-density lipoprotein-
cholesterol (HDL-C); atherogenic index (Al) was calculated as [(total cholesterol
(TC) -HDL-C)/HDL-C], and atherogenic index of plasma (AIP) was defined as
log (TG/HDL-C).

Results: By multivariable disordered regression analysis, after controlling for duration
of DM and hypertension, LDL-C (p = 0.019) and VEGF-D (p = 0.029) resulted as
independent risk factors for DR. Albumin-to-creatinine ratio (UACR) (p = 0.003) was
an independent risk factor for DR with DKD. In DR, NPDR, and PDR groups, grades
of Al, A2, and A3 of albuminuria increased with the severity of DR. In Al, A2, and
A3 grade groups, the severity of DR (DM, NPDR, and PDR) increased with higher
albuminuria grades. Kendall's tau-b correlation coefficient analysis revealed that FBG
(p = 0.019), circulating level of PIGF (p = 0.002), and VEGF-D (p = 0.008) were
significantly positively correlated with the grades of uACR (p < 0.001), and uACR
grades were significantly correlated with DR severity (p < 0.001).

Conclusions: The occurrence and severity of DR are closely correlated with kidney
dysfunction. Among the three kidney functional parameters, UACR resulted as the
better indicator of DR severity and progression than glomerular filtration (eGFR)
and serum creatinine (Scr). Impaired FBG was associated with microalbuminuria,
emphasizing that well-controlled FBG is important for both DR and DKD. The
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link between diabetic retinal and renal microvasculopathy was associated with
dyslipidemia and upregulated circulating level of angiogenic cytokines.

KEYWORDS

dyslipidemia, diabetes mellitus, diabetic retinopathy, fasting blood glucose, cytokines,
diabetic kidney disease, Albumin-to-creatinine ratio

1. Introduction

Diabetes Mellitus (DM) is the most common noncommunicable
epidemiological illness and a major public health problem that
has been approaching epidemic proportions globally. China ranks
number one, with the highest number of people with DM (1).
The high mortality and disability rates caused by the various
complications of diabetes impose a heavy economic burden on
society. Thus, early diagnosis and time prevention of complication
is of extreme importance.

Diabetic retinopathy (DR), diabetic kidney disease (DKD),
and diabetic peripheral neuropathy are the most prevalent
microvascular complications of type 2 diabetes (T2DM). DR
and DKD have complicated interleaving relationships and are
the main causes of death and disability in diabetic patients. In
addition, DR is a leading cause of blindness in the working-
age population (2). The META-EYE Study Group reported
that the prevalence of DR is 34.6% worldwide, while the
prevalence of vision-threatening proliferative DR that can lead
to blindness is 10.2%, accounting for 51% of blindness cases
worldwide (3).

DKD has an insidious onset and lacks distinctive clinical signs,
and it is responsible for 20-40% of cases of DM (4-7). Its timeline
is well characterized for type 1 diabetes mellitus (i.e., DKD develops
within 10 years of the first onset of type 1 DM); in those with
T2DM, it usually starts developing after the onset of hyperglycemia.
Furthermore, DKD remains a leading cause of new-onset end-stage

Abbreviations: ACCORD, The Action to Control Cardiovascular Risk in
Diabetes; ADA, American Diabetes Association; ADVANCE, The Action in
Diabetes and Vascular Disease: Preterax and Diamicron Modified Release
Controlled Evaluation; Al, atherogenic index; AIP, atherogenic index of
plasma; API, atherogenic plasma index; AUC, Area Under Curve; BCVA,
best-corrected visual acuity; CDC, Chinese Center for Disease Control and
Prevention; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration;
DKD, diabetic kidney diseases; DMVC, diabetic microvascular disease; DR,
diabetic retinopathy; eGFR, estimated glomerular filtration; FBG, fasting
blood glucose; Fg, fibrinogen; HbAlc, glycated hemoglobin; HDL-C, high-
density lipoprotein-cholesterol; HIF-1a, hypoxia inducible factor-1; IGF-1,
VEGF, insulin-like growth factors—1; IL, interleukin; IQR, interquartile range;
KDIGO, the Kidney Disease: Improving Global Outcomes; LDL-C, low-density
lipoprotein cholesterol; MCP-1, monocyte chemoattractant protein-1; NPDR,
non-proliferative DR; PDR, proliferative DR; PIGF, placental growth factor;
ROC, receiver operating characteristic curve; Scr, serum creatinine; T2DM,
type 2 diabetes mellitus; TC, total cholesterol; TG, triglycerides; uACR,
Albumin-to-creatinine ratio; UKPDS, the UK Prospective Diabetes Study; UMA,
urine microalbumin; VADT, the Veteran Affairs Diabetes Trial; VEGF, vascular
endothelial growth factor; vWf, von Willebrand factor; WESDR, The Wisconsin
Epidemiologic Study of Diabetic Retinopathy.
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renal disease of DM (accounting for 50.1%) and is the leading cause
of mortality (6, 8). Currently, there are still limited treatments for DR
and DKD.

Numerous international large-scale epidemiological studies,
including the UK Prospective Diabetes Study (UKPDS, follow up for
10 years) (9), The Action in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Controlled Evaluation (ADVANCE,
follow up for 4.3 years) (10), the Action to Control Cardiovascular
Risk in Diabetes (ACCORD, follow up for 4 years) (11), and the
Veteran Affairs Diabetes Trial (VADT, follow up for 5 years) (12) have
demonstrated that even though the multiple risk factor interventions
(hyperglycemia, blood pressure, and lipid regulation) can effectively
reduce the risk of diabetic microvascular disease (DMVC), 51%
of diabetic patients still develop DR (51% of those with DR) and
DKD (25% of individuals with DKD) (13). DMVC (the residual
risk of DMVC) that still exists after comprehensive management
of diabetic patients is a major challenge for both ophthalmologists
and endocrinologists.

The interrelationships between DR and DKD are currently
receiving extensive attention. Several studies have suggested a
close connection between the occurrence and progression of
the two common diabetic microvasculopathies. According to
a large-scale epidemiological investigation conducted by the
Chinese Center for Disease Control and Prevention (CDC),
the number of those suffering from both DR and DKD might
exceed 2.5 million (14). According to the findings of a national
cross-sectional study conducted by Jias team in 2016, the
prevalence of high level of proteinuria in patients with DR
reached 47.8% among the 3,301 patients with T2DM (average
age 59.34 £ 12.28 years, average DM course of 8.48 years) and
the frequency of DR increased as urine albumin levels increased
(15). The Wisconsin Epidemiologic Study of Diabetic Retinopathy
(WESDR) study also found that microalbuminuria was statistically
significantly associated with proliferative diabetic retinopathy
(PDR) and clinically significant macular in the younger group
by multivariable analysis (4). Two prospective studies on the
Singaporean population (N = 5,763, age > 40 years) found
that retinal microvasculopathy was associated with the risk of
end-stage renal illness, and end-stage renal disease was 2.6 times
more likely to occur in person with DR than in patients without
retinopathy (16).

Although the complicated interrelationships between DR and
DKD have been elucidated in numerous studies, the underlying
mechanisms remain still uncertain. Our previous study suggested
that homocysteine contributes to DR and is associated with increased
urine microalbumin (17). In this study, we further investigated the
correlations between DR and DKD in patients with T2DM, testing
the hypothesis that known circulating angiogenic and inflammatory
cytokines and dyslipidemia contribute to both DR and DKD.
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2. Materials and methods

2.1. Participants

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

A total of 122 participants with T2DM, including 73 males
and 49 females, aged 24-76 years old, were recruited from the
outpatient department of Beijing Tongren Hospital from April 2016
to September 2020. Age, gender and duration of diabetes, and other
related data were also collected.

2.2. Inclusion and exclusion criteria

Inclusion were the following: (1) patients diagnosed with T2DM
and DR according to the 2016 American Diabetes Association
(ADA) guidelines of DM (18) and 2002 A Position Statement of DR
(19); those who were able to provide informed consent. Exclusion
criteria were: those with T2DM 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
severe system diseases. Also, T2DM with normal fundus but with
abnormal estimated glomerular filtration (eGFR) or Albumin-to-
creatinine ratio (uACR) were not considered. Patients with a history
of other chronic kidney diseases were also excluded.

2.3. Extensive eye examinations

Best-corrected visual acuity (BCVA) and non-contact intraocular
pressure (TX20 Automatic Non-contact Tonometer, Canon Co., Ltd,
Tokyo, Japan) assessment, slit-lamp microscopic examination (SL-IE
Slit Lamp Microscope, Topcon Co., Ltd, Tokyo, Japan), and fundus
examination with mydriasis were applied for all the participants.
Fundus photography (CR-1 non-mydriatic Fundus Camera, Canon
Co., Ltd) was used to capture at least two fields centered on both eyes’
optic disc and macula. Two independent ophthalmologists (Q.W.
with 4 and B.Q. with 6 years of experience in the field) ascertained the
DR status of the participants based on the International DR severity
scale (19). 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 obtained by a 9mm x 9 mm
scanning range mode. The DR status of the worse eye was recorded
as an individual’s DR grade.

2.4. Definition and classification of diabetic
kidney disease

DKD was defined as “a clinical diagnosis made based on the

presence of albuminuria and/or reduced eGFR in the absence of signs
or symptoms of other primary causes of kidney damage” according
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to the ADA “Standards of Medical Care in Diabetes 2022.” uACR was
used to evaluate the severity of albuminuria; high urinary albumin
excretion was defined as >30 mg/g Cr. As recommended by ADA,
eGFR was calculated by the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation (20); persistent >60 ml/min/1.73
m? was defined as normal (20).

Stages of DKD were graded according to the Kidney Disease:
Improving Global Outcomes (KDIGO) classification criteria with
incorporates albuminuria at all stages of eGFR. In this system, DKD
is classified based on the cause (C), GFR (G), and albuminuria (A).
GFR categories included (G1-G5): Gl: normal to high (GFR>90
ml/min/1.73 m?), G2: mildly decreased 60-89 ml/min/1.73 m?),
G3: mildly to moderately decreased (45-59 ml/min/1.73 m?), G4:
moderately to severely decreased (30-44 ml/min/1.73 m?), G5:
severely decreased (15-29 ml/min/1.73m?) and kidney failure (<15
ml/min/1.73 m?); albuminuria categories included three classes (A1-
A3): Al: normal to mildly (<30 mg/g), A2: moderately (30-299
mg/g) and A3: severely increased (>300 mg/g) (20).

2.5. Determination of biochemistry profile
and plasma cytokines

Blood biochemistry profile: fasting biochemical examination was
performed for all the participants. These included low-density
cholesterol ~ (LDL-C), high-density
(HDL-C), triglycerides (TG), total
(TC), glycated hemoglobin (HbAlc), fasting blood glucose
(FBG) etc. Atherogenic index (AI) was defined as (TC-HDL-
C)/HDL-C; atherogenic plasma index (API) was calculated as
LDL-C/HDL-C; atherogenic index of plasma (AIP) was calculated as
log (TG/HDL-C).

To determine the plasma level of angiogenic and inflammatory
cytokines, including vascular endothelial growth factor (VEGF)-
A, VEGF-C, VEGF-D, placental growth factor (PIGF), monocyte
chemoattractant protein-1 (MCP-1), interleukin (IL)-6 and IL-8,
the Luminex technology (Luminex 200™ liquid chip detector,

lipoprotein lipoprotein-

cholesterol cholesterol

Millipore, Boston, Massachusetts, USA) was applied according to the
manufacturer’s instructions.

2.6. Subgrouping of the participants

According to the 2020 ADA guidelines of DM (18) and 2017 A
Position Statement of DR (13), the participants were assigned to
the DM group {no DR, 32 patients, aged 37-75 years, median
[interquartile range (IQR)]: 56 (48-65) years}, non-proliferative
diabetic retinopathy group [NPDR group) [56 patients, aged 29-76
years, 56 (51-61)] years], and PDR group [43 patients, aged 27-74
years, 55 (49-60) years].

According to the definition of DR and DKD, all participants were
further grouped to DM (no DR and DKD), DR (no DKD), DKD
(no DR), and DR+DKD groups. The DR participants were further
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 the NPDR group, and participants with
no DR in both eyes were assigned to the “DM” group. DR and DKD
were classified according to the criteria according to the 2020 ADA
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guidelines of DM (18) and 2017 ADA: A Position Statement of DR
(21) as described above.

2.7. Determination of the cutoff value of AIP,
API, and Al by receiver operating
characteristic (ROC) curve

API (LDL-C/HDL-C), AI [(TC-HDL-C)/HDL-C), and AIP
(log(TG/HDL-C)] with high sensitivity and specificity at maximum
Youden index were selected as the cutoff values on the ROC curve
as described previously. 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.

2.8. Sample size calculation

Power Analysis and Sample Size software (PASS 2022, NCSS
LLC, Utah, USA) were used to determine the sample size as we
previously described (17). The sample size was calculated at a
95% confidence level with a margin of error of +/— 5% and
designed power (1-beta = 85%, the actual power was 86.59%).
Based on our pilot study, as the representing parameter of the
study group, the mean level of LDL-C was 3.17 and 2.46 in the
control group (DM), respectively; the mean, the standard deviation
was +—0.75, the minimum sample per arm (per group) was
22 subjects.

2.9. Statistical analysis

SPSS software (SPSS, Inc. 23.0, Chicago, IL, USA) was applied
for statistical analysis. Kolmogorov-Smirnov test and Shapiro-Wilk
test were used to assess data normality. Variance homogeneity
was tested by Levenes test. Age of participants, duration of
diabetes, and biochemical parameters were described as means
+ standard deviation (mean 4+ SD) or median (IQR). One-
way analysis of variance (ANOVA) or Kruskal-Wallis test were
used for group comparisons. The circulating levels of cytokines
VEGF-A, VEGE-C, VEGF-D, PIGE MCP-1, IL-6, and IL-8 were
described as mean + SD or median (IQR); group comparisons
(DM, NPDR, and PDR groups, or DM, DR, DR+DKD groups)
were analyzed by independent sample t-test or Mann-Whitney U-
test according to the data distribution. Bonferroni corrections were
applied for comparison between the groups. The Kendall’s Tau-b
rank correlation coefficient was used for testing the correlations
between the cytokines or chemical parameters, classification of
DKD, and different grades of DR. Single ordinal logistic regression
analysis was applied to assess the influence of the variables on
DR or DKD. Multivariable ordinal logistic regression was applied
to evaluate the effects of the variables on DR or uACR grading.
Multivariable logistic regression analysis was used to evaluate the
effects of the cytokines on different groups. A p < 0.05 indicated
statistical significance.
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3. Results

3.1. Baseline demographic and biochemical
profile characteristics

A total of 122 participants with T2DM were included in the study.
The participants were assigned to the DM group if they had no DR
or DKD (23 patients, aged 24-76 years, median (IQR): 57 (53-65)
years), DR group if they had DR but no DKD [35 patients, aged 27-
71 years, 56 (49-60) years], and DR+DKD group if they had both
DR and DKD [64 patients, aged 29-76 years, 55 (49-62.75) years].
9 T2DM patients [aged 40-76 years, 49 (42-70) years] with normal
fundus but with abnormal eGFR or uACR(the DKD group) were not
considered in this study, because these patients cannot be excluded
from other primary causes of kidney damage unless confirmed by a
kidney biopsy, which was not accepted by those patients. Significant
differences in the duration of DM (p = 0.041), LDL-C (p = 0.022),
API (p = 0.022), FBG (p = 0.031), Scr (p = 0.027), eGFR (p = 0.025)
and uACR (p < 0.001) were found among the three groups. There
was no significant difference in age (p = 0.453), gender (p = 0.720)
and duration of hypertension (p = 0.955) among the three groups
(Table 1).

By multinomial logistic regression analysis, when DM was
considered as the reference, there was a significant difference in AI
(p = 0.022), Al grouping (when it is higher than 2.91, p = 0.050), TC
(p = 0.021), LDL-C (p = 0.007), and API (p = 0.007) between the
DR and DM groups. There was no significance in gender (p = 0.621),
age (p = 0.269), duration of DM (p = 0.055) and hypertension (p =
0.778), TG (p = 0.312), HDL-C (p = 0.862), Hb1Ac (p = 0.244), FBG
(p = 0.271) between the DR and DM groups. There was a significant
difference in DM duration (p = 0.008), AI grouping (when it is higher
than 2.91, p = 0.038), uACR (OR = 1.355, 95% CI 1.147-1.600, p <
0.001), LDL-C (p = 0.020), FBG (p = 0.019) and API (p = 0.020)
between the DR+DKD and DM groups. uACR (OR = 1.375, 95%
CI 1.165-1.623, p < 0.001), Scr (OR = 1.030, 95% CI 1.008-1.051,
p = 0.007) and eGFR (OR = 0.991, 95% CI 0.983-0.998, p = 0.017)
was significantly higher in DR+DKD group in comparison with DR
group (Figure 1).

According to Kendall’s tau-b correlation coeflicient analysis, only
FBG was significantly positively correlated with the grades of uACR
(r =0.157, p = 0.019). Other parameters including TC (p = 0.339),
TG (p = 0.253), LDL-C (p = 0.268), HDL-C (p = 0.339), HblAc
(p = 0.942), AT (p = 0.756), API (p = 0.630), AIP (p = 0.367)
were positively correlated with the grades of uACR, but there was no
statistically difference (Figure 2).

3.2. Associations of a renal function profile
among the DM, DR, and DR+DKD groups

To test the hypothesis that renal impairment is associated with
the pathogenesis of DR and DKD, three renal function parameters
were compared between the three groups by the Kruskal-Wallis H
test in this study. There was significant differences in the most clinical
used renal functional parameters serum creatinine (Scr, p,; = 0.027,
PDM vs. DR+DKD = 0.023), glomerular filtration (eGFR, p,; = 0.025,
PDR vs. DR+DKD = 0.020) and urine microalbumin-creatinine ratio
(uACR, pai < 0.001, ppm vs. DR < 0.001, pppr vs. DR+DKD < 0.001)
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TABLE 1 Comparison of baseline demographic and clinical characteristics in subjects with DM, DR, and DR+DKD.

10.3389/fpubh.2022.1040319

\ Y DR DR+DKD H/x2/F p \
Number 23 35 64 / /
Age, years 57.00 (53.00-65.00) 56.00 (49.00-60.00) 55.00 (49.00-62.75) 1.58 0.453
Gender (Male/Female) 14/9 19/16 40/24 0.65¢ 0.720
Duration of DM, years 10.00 (2.00-15.00) 12.00 (10.00-16.00) 12.50 (8.00-19.50) 6.37° 0.041*
Duration of HBP, years 0 (0-5.00) 1.00 (0-7.00) 1.00 (0-7.00) 0.09° 0.955
TC, mmol/L 4.3140.76 5.03+1.23 4.84 £1.20 2.86% 0.061
TG, mmol/L 1.42 4+ 1.08 1.73 £ 1.20 1.524+0.97 0.67* 0.513
LDL-C, mmol/L 2.45 (1.91-3.07) 3.15 (2.47-3.70) 2.88 (2.16-3.72) 7.63" 0.022*
HDL-C, mmol/L 1.24 (1.02-1.43) 1.13 (0.98-1.48) 1.15 (0.98-1.46) 0.38° 0.260
AI (TC-HDL-C)/HDL-C) 2.53 (1.80-3.11) 3.04 (2.20-4.27) 2.96 (2.44-3.67) 5.30 0.071
API (LDL-C/HDL-C) 2.17 (1.54-2.42) 2.70 (1.97-3.33) 2.47 (1.89-3.03) 7.61° 0.022*
AIP (log (TG/HDL-C) —0.02 (—0.27-0.07) —0.01 (—0.22-0.39) 0.03 (—0.20-0.23) 1.32° 0.180
HbALc, % 6.60 (6.10-8.90) 7.70 (7.00-8.90) 7.80 (6.70-9.08) 4.08 0.130
FBG, mmol/L 6.48 (5.59-8.18) 8.10 (6.37-9.45) 8.34 (6.53-11.29) 6.95" 0.031*
Scr, wmol/L 66.00 (51.20-80.80) 59.90 (47.00-69.60) 71.45 (54.63-91.08) 7.21° 0.027*
eGFR, mL/min 103.85 (91.56-124.79) 123.79 (96.92-155.60) 101.47 (75.11-138.97) 7.41° 0.025*
uACR, mg/g Cr 13.14 (4.62-19.56) 10.31 (7.08-18.44) 214.99 (44.12-1173.91) 85.61° <0.001*

*Statistically significant: p < 0.05. According to the type of data and the data distribution, “one-way ANOVA analysis, ®Kruskal-Wallis analysis, Chi-square test were applied. DM, Diabetes
mellitus; DR, Diabetic retinopathy; DKD, Diabetic Kidney Disease; HBP, High blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, High-density lipoprotein Cholesterol; LDL-C, Low-
density lipoprotein Cholesterol; AI, Atherosclerosis index [(TC-HDL-C)/HDL-C]; AIP, Atherogenic index of plasma [log (TG/HDL-C)]; API, Atherogenic plasma index (LDL-C/HDL-C); HbAlc,
Hemoglobin; FBG, fasting blood glucose; Scr, Serum creatinine; eGFR, Estimated Glomerular Filtration Rate; uACR, Urinary albumin/creatinine ratio.

Gender (ref: male)
Age, years

Duration of DM, years

Duration of DM (ref: < 10 years)
Duration of HBP, years

Duration of HBP (ref: < 15 years)
Duration of HBP (ref: < 10 years)
Al (ref:< 2.91)

SCR, pmoliL.

©GFR, mlimin

uACR (MAU), mg/g Cr

TC, mmoliL

TG, mmoliL

LDL-C, mmol/L

HDL-C, mmol/L

Hb1Ac, %

FBG, mmol/L

Al

API

API (ref: < 2.24)

AIP

AIP (ref: <0.01)

MCP-1, pg/ml

1L-6, pg/ml

IL-8, pg/ml

PIGF, pg/ml

VEGF-C, per 100 pg/ml

VEGF-D, per 100 pg/ml

VEGF-A, pg/ml
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Univariate logistic regression analysis between DM, DR, and DR+DKD groups. DM, diabetes mellitus; DR, diabetic retinopathy; DKD, diabetic kidney
disease; HBP, high blood pressure; TC, total cholesterol; TG, triglycerides; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; Al, atherosclerosis index [(TC-HDL-C)/HDL-C]; AIP, atherogenic index of plasma [log (TG/HDL-C)]; API, atherogenic plasma index
(LDL-C/HDL-C); HbAlc, hemoglobin; FBG, fasting blood glucose; Scr, serum creatinine; eGFR, estimated glomerular filtration rate; uACR, urinary
albumin/creatinine ratio; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; IL-8, interleukin-8; PIGF, placental growth factor; VEGF,
vascular endothelial growth.

between the DM, DR and DR+DKD groups, indicating that uACR
is more sensitive and closer renal dysfunctional parameters in the
diabetic microvascular complications especially for patients with DR

and DKD (Table 1).

When DR was

multinomial
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FIGURE 2
Kendall's Tau-b rank correlation coefficient analysis showing angiogenic cytokines were associated with DR and DKD grades, renal function profiles were
related with DR grades. DM, diabetes mellitus; DR, diabetic retinopathy; DKD, diabetic kidney disease; TC, total cholesterol; TG, triglycerides; HDL-C, high
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; Al, atherosclerosis index [(TC-HDL-C)/HDL-CI; AIP, atherogenic index of
plasma [log (TG/HDL-C)]; API, atherogenic plasma index (LDL-C/HDL-C); HbAlc, hemoglobin; FBG, fasting blood glucose; Scr, serum creatinine; eGFR,
estimated glomerular filtration rate; UACR, urinary albumin/creatinine ratio; MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; IL-8,
interleukin-8; PIGF, placental growth factor; VEGF, vascular endothelial growth.

TABLE 2 Comparison of plasma inflammatory and angiogenic cytokines in subjects with DM, DR, and DR+DKD.

DM DR DR-DKD H/x 2/F p
MCP-1, pg/ml 250.59 (240.48-295.80) 247.61 (227.50-270.13) 249.94 (227.91-287.57) 1.23 0.540
IL-6, pg/ml 0.70 (0.28-1.22) 0.55 (0.24-1.74) 0.63 (0.29-1.55) 0.19° 0.908
IL-8, pg/ml 0.91 (0.61-1.72) 1.37(1.02-1.99) 1.27 (0.98-1.65) 3.71° 0.157
PIGE, pg/ml 1.55+1.27 2.40 £ 1.40 2.77 £ 1.10 8.47° <0.001*
Pomys.or <0.001; ppumys.pr+pkD = 0.0315 ppRys.DR+-DKD = 0.031
VEGEF-C, pg/ml 51.41 (8.58-148.15) 93.20 (55.69-122.65) 98.14 (53.81-182.03) 4.36" 0.113
VEGE-D, pg/ml 135.96 (14.73-248.50) 252.01 (131.06-395.90) 262.85 (164.43-435.87) 14.79b 0.001%
Pomvs.pr = 0.0125 ppuys. pr+prp <0.001
VEGF-A, pg/ml 15.22 (9.62-26.27) 27.64 (19.99-32.91) 25.23 (19.65-35.98) 12.55P 0.002*
Pomvspr = 0.002; ppasys.or+-DkD = 0.006

*Statistically significant: p < 0.05. According to the type of data and the data distribution, *one-way ANOVA analysis, "Kruskal-Wallis analysis. DM, Diabetes mellitus; DR, Diabetic retinopathy;

DKD, Diabetic Kidney Disease; MCP-1, Monocyte chemoattractant protein-1; IL-6, Interleukin- 6; IL-8, Interleukin- 8; PIGE, Placental growth factor; VEGE, Vascular endothelial growth.

3.3. The correlations between a renal profile
with DR severity

To further investigate if uACR is associated with DR severity,
the same cohort was categorized into DM (without DR), NPDR,
and PDR groups according to the criteria described above. By using
Kendall’s tau-b/c (Tb or Tc) correlation coeflicient analysis, among all
the indicators/parameters of renal function (Scr, eGFR, uACR, and
grades of uACR), uACR (r = 0.279, p < 0.001) and uACR grades (r =
0.338, p < 0.001) were significantly correlated with DR severity. This
result indicates that uACR is closely correlated with the DR severity
and is a good indicator of DR progression (Figure 2).
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3.4. Associations of plasma inflammatory
and angiogenic cytokines with DM, DR,
DR+DKD groups

We further investigated the effects of inflammatory and
angiogenic cytokines on both DR and DKD from a global perspective.
Interestingly, there was no statistical difference in the inflammatory
cytokines between the DM, DR, and DR+DKD groups, but
PIGF (p,; < 0.001, ppmvs. bR < 0.001, ppm vs. DR+DKD = 0.031,
PDR vs. DR+-DKD = 0.031), VEGE-D (p,y = 0.001, ppr vs. py = 0.012,
PDR+DKD vs. DM < 0.001) and VEGF-A (p,; = 0.002, pprvs. DM =
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FIGURE 3
Multivariate logistic regression analysis showing uACR, LDL-C, and VEGF-D were risk factors for DR and DKD. DM, diabetes mellitus; DR, diabetic
retinopathy; DKD, diabetic kidney disease; HBP, high blood pressure; LDL-C, low-density lipoprotein cholesterol; uACR, urinary albumin/creatinine ratio;
VEGF, vascular endothelial growth.
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0.006, ppr+DKD vs. DM = 0.002) were significantly different among
the three groups. The results indicated that angiogenic cytokines, not
inflammatory cytokines, are differently regulated and contribute to
diabetic microvasculopathy (Table 2).

When DM was considered as the reference, multinomial logistic
regression analysis indicated that PIGF (p = 0.010), VEGE-D per 100
(p = 0.004) and VEGF-A (p = 0.021) were significantly different
between the DR and DM groups; yet, there was no significant
difference in the inflammatory cytokines between the two groups
(Figure 1). When DM was considered as the reference, multinomial
logistic regression analysis indicated that PIGF (p < 0.001), VEGF-
D per 100 (p = 0.001) and VEGF-A (p = 0.010) were significantly
different between the DR+DKD and DM groups. Also, there was
no significant difference in the inflammatory or angiogenic cytokines
between the DR+DKD and DR groups (Figure 1).

By Kendall’s tau-b correlation coefficient analysis, PIGF (r
0.187, p = 0.005) and VEGE-D (r = 0.135, p = 0.048)
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were significantly positively correlated with the grades of uACR.

Other circulating cytokines, including MCP-1 (p = 0.432), IL-
6 (p = 0313), IL-8 (p = 0.361), VEGF-C (p = 0.120), and
VEGF-A (r = 0.07, p = 0.345) were found to be positively

correlated with DKD, but there was no statistical significance
(Figure 2).

3.5. Associations of plasma inflammatory
and angiogenic cytokines with DR severity

Kendall’s tau-b correlation coefficient analysis showed that DR
severity was significantly positively correlated with PIGF (r = 0.22,
p = 0.002), VEGE-D (r = 0.25, p < 0.001), VEGF-C (r = 0.15,
p = 0.048) and VEGF-A (r = 0.17, p = 0.031) but negatively
correlated with MCP-1 (r = —0.15, p = 0.043). IL-6 (r = —0.05,
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p =0.483) and IL-8 (r = 0.05, p = 0.498) were also correlated with the
development of DR, but the statistical difference was not significant
(Figure 2).

3.6. Multivariable multinomial logistic
regression analysis

By using multivariable multinomial logistic regression analysis,
when DM was considered as the independent variable, LDL-C per 10
(OR = 1.122, 95%CI 1.019-1.235, p = 0.019) and VEGF-D per100
(OR = 1.674, 95%CI 1.053-2.661, p = 0.029) were significantly
different between the DR and DM group (Figure 3). When DM
was considered as the independent variable, uUACR was significantly
different in DR+DKD vs. DM group (OR = 1.273, 95%CI 1.083-
1.495, p = 0.003) and in DR+DKD vs. DR group (OR = 1.318, 95%CI
1.125-1.544, p = 0.001) (Figure 3).

3.7. The relationship between retinal and
renal microvasculopathy

Knowing that uACR (not eGFR) is closely correlated with
the DR severity and a good indicator of DR progression, we
further investigated the correlations between DR and DKD based
on albuminuria (uACR) grades (according to the 2022 ADA
grading criteria; albuminuria was graded to Al, A2, A3) (20).
As shown in Figure 4, the proportion of albuminuria with Al,
A2, and A3 in DM was 100%, 0% and 0%, respectively. In
NPDR, the proportion of albuminuria with Al, A2, and A3
was 51.8, 28.6, and 19.6%, respectively. In PDR, the proportion
of albuminuria with Al, A2, and A3 was 20.90, 37.20, and
41.90%, respectively; the difference between the three groups
was statistically significant. Furthermore, in Al albuminuria, the
proportion of DM, NPDR, and PDR was 37.70, 47.50, and 14.80%,
respectively; in A2 albuminuria, the proportion of DM, NPDR,
and PDR was 0, 50, and 50%, respectively; in A3 albuminuria, the
proportion of DM, NPDR, and PDR was 0, 37.90, and 62.10%,
respectively. The difference was statistically significant. The results
indicated that kidney impairment was significantly correlated with
retinal microvasculopathy.

4. Discussion

In this study, we have shown that after controlling for the
duration of DM and hypertension, LDL-C and circulating VEGF-
D were independent risk factors for DR, while uACR was an
independent risk factor for DR+DKD. DR severity was positively
correlated with higher levels of albuminuria grades. These intriguing
investigation results indicate that renal dysfunction is a strong
pathological risk factor for DR and DKD, which is consistent with
previous findings (22-27).

Blood retinal breakdown is a hallmark of DR, characterized by
retinal endothelial dysfunction. Microalbuminuria is an early marker
of generalized endothelial damage and is associated with an increased
risk of DR (28). In a large cohort study, 10.7 mg/24h of urine
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microalbumin (UMA) was shown to be a threshold that can predict
the risk for the development of DR in T2DM, although it is in the
traditionally accepted normal range (27). Won et al. showed that the
presence of PDR is significantly associated with uACR (29). In their
study, Cankurtaran et al. found that UMA was moderately correlated
with the vessel density in the superficial retinal layer detected by
the optical coherence tomography angiography, indicating that an
elevated level of UMA could predict the early alterations in retinal
microcirculation (28). Besides, a study demonstrated that remission
of UMA is an independent protecting factor for the development of
PDR and diabetic macular edema, and that aggressive treatment for
DKD might help to prevent the progression of DR (30).

Numerous studies have shown that except UMA, eGFR (22, 24,
25, 31, 32), Scr (23, 29), AER (33, 34), and uACR (22, 32, 35),
abnormal plasma phosphate (23) and renal biopsy parameters (22,
36-39) are also correlated with the occurrence and severity of DR
and can further provide the pathological and mechanical evidence of
the relationship between DR and DKD. The progressive narrowing
and eventual occlusion of vascular lumina triggered by hyperglycemia
lead to ischemia in both the retina and kidney (22). In the glomerulus,
extensive capillary obstruction and podocyte loss have been found
to induce urinary protein loss and decreased renal function (22).
In the retina, ischemia could induce programmed cell death of
endothelial, Muller and ganglion cells, leading to microvascular
dysfunction, which further induces retinal hemorrhage, nicking, focal
and generalized narrowing of arteriovenous (22). In this study,
eGFR level was found to be in the normal range across the three
groups, but lower in the DM group than the other two groups,
leading to a statistically difference between the groups. This may
be due to the relative shorter DM duration in the DM group,
although we tried to match all the possible confounding factors
that may produce bias. In the following logistic model analysis, we
have controlled all the possible confounding variables, including
the duration of DM. It is warranted to validate the current result
by a well-designed cohort study in the near future. Additionally,
uACR was abnormal in the three groups according to the DEIGO
classification system. A statistically significant difference in the level
of uACR was also found between the DM and DR+DKD groups
(p < 0.001) and the DR and DR+DKD groups (p < 0.001). As
eGFR was normal across the three groups, the difference between the
groups did not mean the current results contradicted the hypothesis
that DR and DKD are correlated. On the other hand, the results
above confirmed our hypothesis that uACR is more sensitive than
eGFR to predict the risk of DKD when the DM duration is not
very long.

The similarity of the anatomical structure of the glomerulus
and retina has been thought to be the pathological basis for DR
and DKD. Microvessels are the common structural basis of DR
and DKD Microvascular refers to the capillaries and microvascular
network between tiny arteries and tiny veins with a lumen diameter
<100 wm. Microangiopathy mainly refers to the morphological
changes and/or functional disorders of microvessels, microblood
flow, and cells around microvessels at the microcirculation level
under the action of various etiologies, resulting in corresponding
clinical manifestations. Both pericytes and podocytes originate
from mesenchymal cells and are important components of the
outer barrier of microvessels. Pericytes are a class of pluripotent
stem cells that have contractile, immune, hemostatic, phagocytic,
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and hemostatic effects, participating in vascular development.
Podocytes are a class of highly differentiated cells that wrap
on the outside of glomerular capillaries. Preclinical studies have
suggested that an early stage of the pathogenesis of DR and DKD is
characterized by pericyte and/or podocyte loss, basement membrane
thickening, and microvascular leakage. The numbers of pericytes
and podocytes decrease as diabetes progress (40). Loss of pericytes
and podocytes leads to increased microvascular permeability and
vascular leakage (41, 42). It was also found that serum level of
VEGF is significantly increased in DR and DKD patients (43,
44).

We further found that FBG is associated with microalbuminuria
and that well-controlled FBG is important for both DR and DKD,
which is supported by Kundu’s findings that impaired glycemic
control is associated with significant elevation of urinary UMA levels
(45). Impaired FBG was also identified as a good indicator of chronic
kidney disease, albuminuria, or worsening kidney function by the
SPRINT study (46). Furthermore, circulating levels of PIGF and
VEGE-D were found to be significantly and positively correlated with
the grades of uACR, indicating that circulating PIGF and VEGF-
D can be used as biomarkers for retinal and renal endothelial
dysfunction (43, 47, 48). These data are consistent with a clinical
study (49), which found that serum levels of hypoxia-inducible
factor-1 (HIF-1a), VEGE insulin-like growth factors —1 (IGF-1),
von Willebrand factor (vWf), and fibrinogen (Fg) were positively
correlated with uACR, but negatively correlated with 25(OH)VD3
and eGFR, further confirming that serum HIF-1a, VEGE vWf, and
IGF-1 are involved in DKD process through endothelial injury
induced by inflammation, and angiogenesis under hyperglycemia.
Circulating level of PIGF was also correlated with renal microvascular
dysfunction (47), albuminuria, proteinuria in patients with DKD,
and retinal microvascular dysfunction in patients with DR (43).
The pathological changes of the glomerular endothelial cell surface
layer, including glycocalyx, is a major cause of UMA. Serum or
plasma level VEGF-D has been implicated in both the blood-retinal
barrier and the glomerular filtration barrier breakdown, which are
the early sign of DR and DKD (43, 50). In this study, angiogenic
cytokines VEGF-D and PIGF were strong risk factors for DR severity
which was consistent with our previous study (43), although the
participants of the current study were different from our previous
study population.

In this study, highest level of LDL-C and API was found in the
DR group, lower level was shown in the DR+DKD group; but the
levels were quite close and did not show statistically significance
[LDL-C (H = 0.745, p = 0.873) and API (H = 0.635, p= 0.431)]
between the two groups. The underlying mechanism may be that
LDL-C and API have been found to contribute to the occurrence
and severity of DR in several clinical studies (17, 43, 51, 52),
but the correlations between LDL-C and API with DKD were not
supported by trials (53, 54). This result further confirmed that LDL-
C and API mainly contribute to the risk of DR, not DKD. A
cohort study with a large sample size is warranted to validate the
current results.

Chronic inflammation and oxidative stress have been implicated
in the pathogenesis in both DR and DKD. Hyperglycemia and
hypertension are the most common inducers of oxidative stress
and inflammation (22, 55), which contribute to the occurrence
and progression of DKD and DR. In this study, we showed
angiogenetic cytokines, including PIGE VEGF-A, VEGF-C, and
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VEGE-D were associated with both DR and DKD. Moreover, a
recent study demonstrated that low doses of erythropoietin, which
is mainly produced by the kidney, could inhibit oxidative stress
and early vascular changes in the experimental diabetic retina
(56). In this study, we did not find the correlations between
inflammatory cytokines and DR and DKD due to the limited number
of enrolled subjects.

Nayak et al. showed that the increased serum sialic acid and
microalbumin were strongly related to DR and DKD (57). DR
and DKD could be predictors for both by Kaplan-Meier and cox
proportional hazards regression model (21, 32, 58, 59). However,
the onset of DKD and DR remains unknown. Studies showed
that DR precedes DKD in patients with type 1 DM (24, 28), but
renal injury precedes retinal damage in patients with T2DM (24).
It is warranted to further investigate the underlying mechanisms
of the onset of DKD and DR in patients with T2DM in a large
cohort study.

In this study, we did not consider those T2DM with normal
fundus but with abnormal estimated glomerular filtration (eGFR) or
Albumin-to-creatinine ratio (WACR), that is DKD patients without
retinopathy. According to the guideline, retinopathy is one of the
important diagnostic criteria for DKD, this phenotype in clinical
practice occupied very small numbers. Furthermore, these patients
cannot be excluded other primary causes of kidney damage unless
confirmed by a kidney biopsy, which was not accepted by the patients.

This study has some limitations. This was a case-control
study, which could not provide the causative effects of the
angiogenetic cytokines on DR and DKD. Also, this study has a
relative sample size, and some variables did not show a significant
association between DR and DKD+DR. A well-designed large
cohort study is warranted to further investigate the mechanisms
of the associations between DKD and DR. Furthermore, the
signal transduction pathway of VEGF-D, VEGF-A, and PIGF
and their regulatory effects on lipid metabolism need to be
further explored.

In summary, the novelty of this study we showed that the
occurrence and severity of retinal microvasculopathy were closely
correlated with kidney dysfunction. Among the three kidney
functional parameters, uACR resulted as the better indicator of DR
severity and progression than eGFR and Scr. Also, impaired FBG was
associated with microalbuminuria, emphasizing that well-controlled
FBG is important for both DR and DKD. Finally, we concluded
that the link between diabetic retinal and renal microvasculopathy
is associated with dyslipidemia and upregulated circulating level of
angiogenic cytokines.
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