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Background: Type 2 diabetes mellitus (T2DM) is associated with diabetic retinopathy (DR). The complement system maintains the
normal physiologic microenvironment of the retina. The relationship between serum complement levels and clinical features of DR
remains unclear.

Methods: Clinical characteristics of 252 patients with T2DM including 101 with non-DR (NDR), 79 with nonproliferative DR
(NPDR), and 72 with proliferative DR (PDR) were prospectively analyzed. Serum complement levels were compared between NDR
and DR patients. The correlation between clinical characteristics and complement levels in DR patients was analyzed. A multifactorial
logistic analysis was constructed to predict the risk of developing DR in T2DM.

Results: Serum C4, CFB, CFI, C3 and C5 levels were higher in DR patients than in NDR patients (all P < 0.05). In T2DM patients,
C3 and C4 levels were higher in PDR patients than in DR patients (all P < 0.05), and MBL levels were not statistically different
between the two cohorts (P > 0.05). These complement components or fragments were positively correlated with the duration of
diabetes, glycosylated hemoglobin (HbAlc), and triglycerides (TG) (all P < 0.05). C3, C5, the duration of diabetes, HbAlc, and TG
were the independent risk factors for DR in T2DM patients. The ROC model showed good value for predicting the risk of developing
DR in T2DM with an area under the curve of 0.887.

Conclusion: Serum complements C3 and CS5 are predictive factors for DR in patients with T2DM. The prediction model constructed
by the clinical characteristics of patients with T2DM and complement can better distinguish between NDR and DR, and can be used as
a potential biomarker for assessing the risk of developing DR.
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Introduction
Diabetes mellitus (DM), the prevalence of which is increasing worldwide, is characterized by hyperglycemia and
abnormal metabolism of glucose, fats, and proteins due to insufficient insulin secretion and/or resistance.' DM patients
often suffer from systemic and ocular health complications, including diabetic retinopathy and diabetic macular edema.”
It is a common ocular microangiopathy in people with type 2 diabetes mellitus (T2DM), which can result in irreversible
blindness.®> The global prevalence of DM among people aged 2079 years is 536.6 million in 2021, and will rise to
783.2 million in 2045.*

Growing evidence suggests a connection between the complement system and inflammatory states, pinpointing it as
a key element in inflammatory disorders.” Evidently, interactions with complement systems trigger various inflammatory
reactions and are initiated via three primary pathways (classical, alternative, and lectin).® The classical pathway starts
with binding between Clq and antibody, followed by cleavage of C2 and C4 by the C1 complex and synthesis of C3
convertase. The alternative pathway, also known as the bypass pathway, which transgresses C1, C4, and C2 and activates

C3 directly, with the involvement of different factors to form C3 convertase. The lectin pathway, also known as the
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mannose-binding lectin (MBL) pathway, is activated by the interaction of MBL with mannose-containing polysacchar-
ides found on the surface of microorganisms to cleave C4 and C4 and synthesize C3 invertase.” A key step in
complement activity is the formation of C3 convertase, which cleaves C3 into C3a and C3b.*° This step is the common
confluence of the three pathways and initiates the effector function of the complement system. Studies have shown that
complement is associated with ocular pathologies, including age-related macular degeneration, uveitis, and glaucoma.'®
2 In age-related macular degeneration, inhibition of C3a, C5a, CFB, and MAC or administration of the complement
regulatory molecules CD59 and CFH prevents choroidal neovascularization in animal models."* Complement activator-
inhibiting agents to experimental uveitis rats suppresses the expression of ocular swelling inflammatory factors, C3
activators, and adhesion factors, thereby inhibiting experimental uveitis.'* Further, polymorphisms in genes that encode
complement, CFB, CFI, and its receptor, as well as C5 have been shown to contribute to the risk of disease.'> '’
Complement-mediated molecular processes associated with ocular diseases are likely to be a combination of systemic
complement proteins as well as locally synthesized complement proteins.'® Although disorders of complement regulation
in ocular diseases continue to attract interest, relatively few studies have been conducted on the role of complement
in DR.

Serum samples are relatively easy to obtain in contrast to atrial fluid samples, which require stringent requirements
and handling. Complement levels can thus be measured in serum samples, which has the benefit of simplicity, ease of
implementation, and greater patient acceptance. This study hypothesized that DR in patients with T2DM is associated
with complement and that the severity of DR is driven by the complement system. In addition, the correlation between
complement factors or fragments and clinical characteristics of patients was assessed.

Materials and Methods

Patients

From June 2022 to December 2023, 252 patients from The Fourth Hospital of Baotou were enrolled in the study, all of
whom had T2DM diagnosed according to the 2010 WHO diagnostic criteria for DM: FPG > 7.0 mmou/l and/or HbAlc >
6.5%."> The severity of DR was graded according to the International Clinical Diabetic Retinopathy and Diabetic
Macular Edema Disease Severity Scales.”® All enrolled patients underwent ophthalmologic examination, including
dilated fundus examination and fundus photography or fluorescence angiography. Patients were categorized into 3
subgroups based on clinical findings: 101 patients with non-DR (NDR), 79 patients with nonproliferative DR (NPDR,
with mild fundus lesions), and 72 patients with proliferative DR (PDR, with neovascularization).

Inclusion criteria (1) Patients with T2DM between the ages of 30 and 80 years; (2) Retinal punctate and speckled
hemorrhages and hard exudates or cotton-wool spots were observed in the non-proliferative phase. Retinal neovascular-
ization in the proliferative phase severely affects vision and quality of life. (3) No history of ocular intervention (eg, laser
photocoagulation, vitrectomy, or injection of anti-vascular endothelial growth factor in either eye).

Exclusion criteria: (1) pregnant patients; (2) combination of other severe hepatic or renal dysfunction or disease; (3)
patients with infection or recent surgery; (4) severe cardiovascular-related disease; (5) autoimmune disease; (6)
glaucoma, vitreomacular disease (vitreous hemorrhage and retinal detachment), or amblyopia. All subjects provided
informed consent. The study was approved by the Ethics Committee of The Fourth Hospital of Baotou
(N0.202102BT06). Patient inclusion is shown in Figure 1.

General Information and Laboratory Data
General information such as age, gender, duration of diabetes (years), body mass index (BMI), diastolic blood pressure
(DBP), systolic blood pressure (SBP) were collected.

Venous blood samples were taken in the morning after at least 3-h fasting. Peripheral venous blood (10 mL) was
drawn into test tubes without or with anticoagulant. Blood was stored at room temperature for 1 h and then centrifuged
for 20 min(1500 g, 4°C) to separate the serum. Blood was centrifuged for 15 min (800 g, 4°C) to separate the plasma.
The supernatant was then centrifuged for another 10 min (1600 g, 4°C). All samples were then dispensed into cryovials
and stored at —80°C.
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Total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein
cholesterol (LDL-C) were determined using an Olympus AU5400 system (Olympus, Tokyo, Japan). HbAlc was

Figure | Data acquisition.

measured using a Bio-RadD10 automated analyzer (Bio-Rad, CA, USA). Urine protein and creatinine in urine were
measured using an immunoturbidimetric method using a Hitachi 7600—020 urine biochemistry analyzer (Hitachi, Tokyo,
Japan), and their ratio was obtained by automatic calculation.

Human complements (Clg, C2, C3, C3a, C4, C4b, C5, MBL, CFB, CFD, CFI, CFH) were quantified using
a Luminex 200 system (Luminex Corporation, TX, USA) in combination with MILLIPLEX MAP Human
Complement Magnetic Bead Panel 2-Immunology Multiplex Assay (HCMP2MAG-19K, Merck Millipore, MA, USA).
The coefficient of variation was less than 20%. Complement components or fragments that were too low and below the
detection range were not included in the analysis.

Statistical Analysis

The sample size of the study was estimated using G*Power software version 3.1.9.2 with a significance level of o = 0.05, power
of 1-f = 0.8, effect size of d = 0.5, and two-sided tests. Statistical analyses were performed using SPSS 20.0 software.
Enumeration data were expressed as frequencies and ratios, and the person chi-square test was used. The Shapiro—Wilk test
was used to determine data normality. All continuous data were expressed as mean + standard deviation. Student’s #-test and
Mann—Whitney U-test were used for between-group comparisons for data on continuous variables in a normal distribution or in
a skewed distribution, respectively. Spearman’s bivariate correlation analysis was used, while the results of all multiple tests were
corrected using the false discovery rate (FDR). Parameters that were statistically significant (P < 0.05) in the univariate analysis
were included in the multivariate logistic regression analysis model. Column-line plots were constructed using the R language.
The validity of the model was assessed by analyzing the predictive values of the model based on multifactorial logistic regression
using the receiver operating characteristic curve (ROC) and calculating the area under the curve (AUC). Other graphs were
plotted using GraphPad Prism 8.
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Results

General Characteristics and Biochemical Results

Table 1 shows the general characteristics and biochemical results of patients. There were no significant differences
between the three groups in terms of gender, age and BMI (all P > 0.05). The mean duration of disease in the DR group
was 12.25 years, which was higher than that in the NDR group. The mean duration of disease in the PDR group was
15.01 years, which was significantly higher than that in the NPDR group (P < 0.05). In terms of biochemical indices,
HbAlc, TG, and urine protein/creatinine were higher in DR patients (NPDR and PDR groups) than in the NDR group (all
P < 0.05). There were no statistically significant differences in blood pressure levels (SBP and DBP), TC, HDL-C and
LDL-C between the groups (all P > 0.05).

Levels of Serum Complement Components/Fragments

Table 2 shows serum complement components/fragments in patients. C4 was statistically different between patients in the
NDR and DR groups, and C4 had a higher level in patients in the DR group (P < 0.05). However, the Lectin pathway-
specific component MBL did not differ between the two groups, suggesting that the increase in C4 levels during disease
progression mainly resulted from the activation of the classical pathway. The alternative pathway-specific components
CFB and CFI differed between the two groups, with higher levels in the patients in the DR group (both P < 0.05).
Complement/fragment C3 and C5 shared by the three pathways were statistically different between the two groups, with
higher levels in patients in the DR group (both P < 0.05). Further got, CFB, CFI and C5 levels were higher in patients in
NPDR and PDR patients than in NDR patients. C4 and C3 levels were significantly different in patients in NPDR and
PDR groups, with higher levels in patients in PDR group (all P <0.05). While CFB, CFI, MBL and C5 were not different
in patients of NPDR and PDR groups (all P > 0.05) (Figure 2). These results suggest that activation of the classical
pathway of complement may promote NPDR to PDR. In addition, there was no significant difference in C4 levels
between the NPDR and PDR groups (P > 0.05).

Correlation of Serum Complement Components/Fragments with Clinical Features in
DR Patients

Table 3 shows the correlation between serum complement components/fragments and clinical characteristics in DR
patients. C4, CFB, CFI, C3 and C5 showed significant positive correlation with the duration of diabetes in patients (all

Table | Clinical Characteristics of Patients with T2DM

Variable NDR (n = 101) | NPDR (n = 79) | PDR (n = 72)
Age, years 56.3 £ 16.1 579 £ 123 56.8 £ 12.6
Gender (n, %)

Male 51 (50.50) 42 (53.16) 39 (54.17)
Female 50 (49.50) 37 (46.84) 33 (48.83)
BMI, kg/m? 24.25 + 3.72 25.36 £ 3.22 25.70 + 3.41
Duration (years) 651 +54 10.70 % 6.71% 15.01 + 5.65™%
SBP (mmHg) 134.65 + 20.36 138.54 + 17.65 135.36 + 19.34
DBP (mmHg) 84.36 + 14.25 87.36 + 12.25 88.25 + 11.73
HbAlc (%) 7.82 = 1.25 9.00 + |.46* 9.22 + 1 .41*
TC (mmol/L) 4.51 = 1.02 4.60 = 1.21 471 = 1.12
TG (mmol/L) 1.49 + 0.89 2.10 + 0.0.90* 2.74 + 088"
HDL-C (mmol/L) .13 £0.32 1.05 + 0.28 1.07 £ 0.31
LDL-C (mmol/L) 2.64 £ 0.92 2.52 £ 0.82 2.77 £ 0.87
Urine protein/creatinine | 0.29 + 0.20 0.36 + 0.25* 0.37 + 0.26*

Notes: *NPDR or PDR vs NDR, P value < 0.05, *PDR vs NDR P value < 0.05. P values of < 0.05
were considered statistically significant.
Abbreviations: BMI, Body Mass Index; SBP, systolic blood pressure; DBP, diastolic blood pressure;
TG, total cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C low-

density lipoprotein cholesterol.
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Table 2 Levels of Serum Complement Components/Fragments

in NDR and DR Patients

NDR DR P value
Classical pathway
Clq (ug/mL) 25.77 £ 13.30 2786 + 11.02 | 0.125
C2 (ug/mL) 7.55 £ 420 7.78 + 3.85 0.957
C4 (ug/mL) 215.38 + 80.54 | 239.88 + 88.44 | 0.027
C4b (ug/mlL) 55.62 + 21.2 57.65 + 26.36 | 0.348
Alternative pathway
CFB (ug/mL) 162.19 £ 56.73 | 18231 £72.10 | 0.033
CFD (ug/mL) 7221 £ 10.25 73.69 = 13.14 | 0.947
CFI (ug/mL) 7886 +29.32 | 8437 +319 0.034
CFH (ug/mL) 72.54 £ 20.37 7325 £2236 | 0.942
Lectin pathway
MBL (ug/mL) 5.36 + 432 549 + 402 0.842
Complements/Fragments Shared by Three Pathways
C3 (ug/mL) 168.52 + 69.05 | 208.92 + 72.47 | < 0.001
C3a (ug/mlL) 76.6 + 52.3 79.9 + 46.36 0.084
C5 (ug/mL) 67.89 £ 2949 | 88.37 + 32.57 < 0.001

P <0.05). Among them, C3 showed a strong correlation with diabetes duration (s = 0.557). HbAlc and TG also showed
positive and statistically significant correlations with the above serum components (all P < 0.05). In addition, C3 and CS5
showed a weak positive correlation with urine protein/creatinine (rs = 0.189, rs = 0.175) (both P < 0.05).

Serum Complement Recognition DR

Multivariate logistic regression analysis was performed on factors with statistical differences in univariate analysis,
including duration of diabetes, HbAlc, TG, urine protein/creatinine, and complement factors or fragments. Duration of
diabetes, HbAlc, TG, and complement components C3 and C5 were independent risk factors for DR in patients with
T2DM (all P < 0.05) (Table 4). Figure 3A shows the independent risk factors in the results of logistic regression analysis.
Based on the independent risk factors, a column-line plot of the RMPP model was constructed. The total score is the sum
of the scores corresponding to each independent risk factor (Figure 3B). Finally, based on the predicted values of the
logistic regression model, ROC curve was plotted. As shown in Figure 3C, the AUC was 0.876, and the sensitivity of the
optimal cutoff value for DR prediction was 92.34%, and the specificity was 65.36%.

Discussion

DR is a neurovascular disease whose pathogenesis involves the activation of multiple cellular pathways that are not yet
fully understood.”'** However, it has been generally demonstrated that hyperglycemia is the initiating event of DR,
which subsequently leads to local oxidative stress and inflammation.”>** In diabetic mice, exosomes carrying immu-
noglobulins in plasma activate the complement system, which promotes intraocular vascular damage and progression,
leading to retinopathy.>> However, most studies have reported clinical correlates of early or PDR, and fewer studies have
reported the relationship between circulating complement and clinical features in patients with DR. In related literature, it
has been showed that the levels of C3 and its activated fragment C3b are significantly elevated in the vitreous of patients
with proliferative diabetic retinopathy (PDR), accompanied by an upregulation of complement factor H (CFH) expres-
sion. This suggests an association between PDR and the activation of alternative complement pathways. Conversely, in
serum samples, only a slight difference was noted in C3 levels between the PDR group and non-diabetic controls, with no
statistically significant difference observed. It is important to consider that this lack of significance may be attributed to
a limited sample size (PDR, n=38).2° Therefore, this study expanded the sample size, classified patients in the T2DM
population, and investigated their clinical data and measured serum complement. Furthmore, established a predictive
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Figure 2 Comparison of serum levels of complement components/fragments in patients in the NDR, NPDR and PDR groups. Student’ t test or Mann—-Whitney U-test was
used to compare the differences between the two groups. * NPDR or PDR vs NDR, P < 0.05, # PDR vs NDR, P < 0.05.

model for identifying the clinical characteristics of DR and complement in T2DM patients. In this study, the results
showed that serum C3, C4, CFB, CFI and C5 had higher levels in patients with DR relative to NDR. C3 and C5 were
strongly correlated with clinical characteristics (diabetes duration, HbAlc and TG). The prediction model constructed by
these independent factors had a good discriminatory value.

DR is a progressive complication of T2DM, and prolonged hyperglycemia is a major cause of the onset and
progression of diabetes-related fundopathy or other microvascular diseases, and these pathologic changes are maintained
by persistently high levels of blood glucose.?” Persistent elevated blood glucose and irregular blood flow dynamics result
in changes to the integrity of retinal blood vessels, harm to endothelial cells, and breakdown of the blood-retinal barrier,
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Table 3 Correlation Between Serum Complement Components/Fragments and Clinical
Characteristics of PDR Patients

Complements | Duration (years) | HbAlc (%) | TG (mmol/L) | Urine protein/creatinine
Clq (ug/mL) 0.125 0.058 —0.155 —0.058
C2 (ug/mlL) 0.241 0.154 0.089 —0.125
C4 (ug/mlL) 0.325% 0.215%* 0.157% 0.102
C4b (ug/mL) 0.058 0.175 0.107 0.327
CFB (ug/mlL) 0.257% 0.152% 0.255% 0.158
CFD (ug/mlL) —0.078 0.21 0.072 0.157
CFI (ng/mL) 0.412* 0.325% 0.305* 0.147
CFH (ug/mL) 0.145 0.089 —0.142 0.152
C3 (ug/mlL) 0.557* 0.215% 0.347* 0.189*
C3a (ug/mL) 0.258 0.105 —0.078 0.092
C5 (ug/mlL) 0.482* 0.315% 0.305* 0.175%

Notes: Associations between variables were tested using the Spearman rank correlation test and expressed as Spearman
correlation coefficients. 0.1-0.3 is a weak correlation, 0.3-0.5 is a moderate correlation, and 0.5-1.0 is a strong correlation.
FDR corrected for multiple testing. *P < 0.05.

Table 4 Multifactorial Logistic Regression Analysis of Independent Correlates of
DR in Patients

Factors B S.E, | Wald | P value OR [95% CI]
Duration (years) 0.22 | 0.042 | 27.78 | < 0.0001 1.248 [1.149,1.355]
HbAIc (%) 0.75 | 0.159 | 2244 | <0.0001 | 2.127 [1.557, 2.906]
TG (mmol/L) 091 0221 | 17.01 | <0.0001 | 2.487 [1.613, 3.833]
Urine protein/creatinine | 0.95 0.963 | 0.976 0.323 2.585 [0.392, 17.061]
C4 (ug/mlL) —-0.003 | 0.002 | I.19 0.274 0.997 [0.993, 1.002]
CFB (ug/mlL) 0.006 | 0.003 | 3.43 0.064 1.006 [0.996, 1.013]
CFI (ng/mL) 0.006 | 0.006 | 0.98 0.32 1.006 [0.994, 1.018]
C3 (ug/ml) 0.01 0.003 | I1.16 0.001 1.010 [1.004, 1.015]
C5 (ug/mlL) 0.021 | 0.007 | 838 0.004 1.021 [1.007, 1.035]
Sex (male vs female) —0.54 | 0412 | 1.73 0.188 0.581 [0.259, 1.303]
Age (years) —0.002 | 0.015 | 0.0l 0.892 0.998 [0.970, 1.027]
Constant —13.99 | 2.111 | 439 0 0

enhancing the permeability of retinal blood vessels and causing retinal leakage.”® It is reported that the longer course of
diabetes and poor blood glucose control are important risk factors for DR.>**! Our study also found that elevated TG and
urine protein/creatinine ratio are also independent risk factors for DR.

Oxidative stress, a key consequence of hyperglycemia, is recognized as a pathological condition where heightened
reactive oxygen species production harms tissues, cells, and large molecules. Heightened retinal metabolic rate makes it
particularly vulnerable to oxidative stress.’> Subsequently, chronic oxidative stress leads to alterations in proteins and
lipids in the eye; these tissue changes trigger chronic inflammation involving the complement system; the complement
system mediates the immune response and inflammatory response mediates invasive immune cells promoting retinal
pathology.>® Previous studies have shown that complement is associated with retinopathy. For example, localized
inhibition of C3 expression in a rat model of retinopathy suppresses activation and deposition of circulating complement
and reduces retinal cell death.** In addition, intravitreal injection of complement C5 antibody in a glaucoma model rat
consistently activates the complement system, inhibits inflammatory response, and reduces retinal loss.*

Notably, the complement system has also been reported to be associated with PDR. It is generally believed that the
formation of neovascularization, a hallmark of PDR, is associated with the production of retinal angiogenic factors.*
Complement system activation promotes neovascularization by facilitating the production of growth factors.’” In our
study, C4, CFB, CFI, C3, and C5 were higher in patients with DR compared with patients with NDR, and the difference
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Figure 3 Diagram of predictive model and model evaluation. (A) Multifactor logistic regression analysis model diagram (forest plot). (B) Column line plot of predicting the
risk of PDR. (€) ROC curve. P < 0.05.
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in C4 levels was attributed to patients with PDR. Of interest, MBL did not differ between the two groups; therefore, we
believe that the elevated C4 was mainly due to activation of the classical pathway. In addition, we did not observe
differences in CFB, CFI, and C5 levels between PDR patients and NPDR patients. These results suggest that the classical
and bypass pathways are involved in DR. In addition, the classical pathway is partially involved in the progression of DR
to PDR. No relevant studies seem to have found this at present. Subsequently, we focused on the clinical characteristics
of DR patients in relation to complement and showed that diabetes duration, HbAlc and TG levels were positively
correlated with C4, CFB, CFI, C3 and CS5, with the C3 level showing a moderately strong correlation with diabetes
duration. Subsequently, we confirmed that diabetes duration, HbAlc, TG, and complement components C3 and C5 were
independent risk factors for DR in patients with T2DM. The ROC prediction model constructed with these clinical
characteristics and complement was effective in identifying DR patients from T2DM.

Limitations

This study also has some limitations. In the absence of a sufficient number of samples, we were not able to investigate the
independent correlates of PDR and determine the independent risk factors for progression from NPDR to PDR. In
addition, optical coherence tomography (OCT) can localize lesions deeper into the retina in patients with DR. For DR
patients, OCT features are more beneficial in understanding correlations between disease onset and progression
characteristics and complement. Finally, this study only supports the correlation of clinical features with complement
and the construction of predictive models in patients with T2DM before they receive eye-related therapeutic interven-
tions. In future studies, it is necessary to further investigate the correlation between complement factors with NPDR
and PDR.

Conclusion

The present study demonstrated that the classical and bypass pathways of complement play a role in DR and are
associated with longer diabetes duration and higher HbAlc and TG levels. The predictive model constructed from the
clinical characteristics of T2DM patients and complement can better differentiate between NDR and DR, and may serve
as a potential biomarker for assessing the risk of developing DR. In addition, classical pathways may mediate DR
progression.
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