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Aim:Weaim to examine the association of plasma leucine-rich-α-2-glycoprotein 1 (LRG1)with diabetic retinop-
athy (DR) in type 2 diabetes.
Methods: At baseline visit, plasma LRG1 levels were assessed using ELISA. Central arterial stiffness was estimated
by carotid-femoral pulsewave velocity (PWV). At follow-up visit (median=3.2 years), digital color fundus pho-
tographs were assessed for DR. DR severity was categorized into non-proliferative DR (NPDR) and proliferative
DR (PDR).
Results: DR was diagnosed in 396 (32.8%) of 1206 patients. DR has higher LRG1 than non-DR (19.5 ±
11.3vs.16.9 ± 8.9 μg/ml, p ≪ 0.001). After adjustment, LRG1 was not associated with DR (OR = 1.2, [95% CI,
0.96–1.30], p = 0.16). LRG1 was higher in PDR (n = 107) than NPDR (n = 270) (23.2 ± 15.4vs.18.1 ± 8.9 μg/
ml, n = 270, p ≪ 0.001). After adjustment, with 1-SD increase in LRG1, the relative risk of NPDR and PDR was
0.99 ([0.83–1.18], p= 0.91) and 1.42 ([95% CI, 1.14–1.76], p= 0.002) (p-trend= 0.01), respectively. We didn't

observe significant improvement in AUC after adding LRG1 into the model. Baseline PWVmediated 12.0% of the
association between LRG1 and PDR (p = 0.03).
Conclusion: Baseline plasma LRG1 is associatedwith PDR, suggesting it maybe a promising biomarker for predic-
tion for advanced proliferative stages of DR. The mediation result indicates the potential benefit of ameliorating
central arterial stiffness to prevent PDR.

© 2019 Published by Elsevier Inc.
1. Introduction

Type 2 diabetes mellitus (T2DM) is a rapidly evolving global health
issue and Asia is the epicenter of this worldwide epidemic. Globally,
the number of people with T2DM will double from 171 million in
2000 to 366 million by 2030.1 In Singapore, the prevalence of T2DM
has been predicted to increase from 7.3% in 1990 to 15% in 2050.2 Dia-
betic retinopathy (DR) is a highly specific microvascular complication
of diabetes and remains a leading cause of avoidable blindness in the
working age group individuals worldwide.3,4 Similar to T2DM, the
number of DR and vision-threatening DR has been projected to rise to
191.0 million and 56.3 million, respectively by 2030.5
logy and Visual Sciences, Khoo

ari).
DR is categorized into early non-proliferative (NPDR) and late prolif-
erative stages (PDR), the latter stage together with diabetic macular
edema that can develop at any stage are the primary causes of irrevers-
ible visual loss in individuals with diabetes (vision-threateningDR). The
proliferative stage of DR is characterized by abnormal growth of new
vessels in the retina and remains asymptomatic until these fragile and
misdirected vessels results in pre-retinal or vitreous hemorrhage or
tractional detachment with consequential loss of vision.6 Therefore, it
is critical to identify novel angiogenic factors promoting neovasculariza-
tion for screening and controlling pathogenic angiogenesis in ocular dis-
ease among diabetic patients.

Leucine-rich alpha-2-glycoprotein (LRG1), a highly conservedmem-
ber of the leucine-rich repeat family of proteins, is a novel pro-
angiogenic factor.7 Wang et al. demonstrated up-regulated levels of
LRG1 in retinae with pathogenic retinal and choroidal vasculature in
mouse models, as well as in vitreous fluid from PDR patients.7 Consis-
tently, Chen et al. reported higher LRG1 levels in the vitreous as well
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as plasma of PDR patients in a small study among Chinese population.8

However, both these studies are limited by small sample size and uni-
variate examination of LRG1 with PDR without taking into account the
effect of any confounding factors. Moreover, the cross-sectional design
precludes any inference about causal or mediation connections among
LRG1, DR and other DR risk factors.9

It is believed that microvascular complications of diabetes, particu-
larly DR and chronic kidney disease (CKD), may progress in a parallel
manner possibly due to shared risk factors, such as poor glycaemia con-
trol and systolic hypertension.10,11 Indeed, our research group has re-
ported associations between plasma LRG1 level with peripheral
arterial disease9 and CKD progression,12 suggesting that LRG1 might
also be a potential risk biomarker for DR. Moreover, antibody blockade
of LRG1 reduced lesion sizes of choroidal neovascularization in mouse
models, thereby suggesting that LRG1 might be a risk factor for
neovascularization.7 Taken together, LRG1may represent both a poten-
tial screening tool and a therapeutic target for controlling angiogenesis
in DR.

In this large and multi-ethnic T2DM Asian cohort in Singapore, we
aim to 1) evaluate the association of baseline plasma LRG1 level with
the presence and severity of DR after taking into account the effect of
confounding factors; 2) examine whether central arterial stiffness me-
diates the association between LRG1 and DR.

2. Materials and methods

2.1. Study population and design

The Singapore Study of Macro-angiopathy and Micro-vascular
Reactivity in Type 2 Diabetes (SMART2D) is a completed cross-
sectional study conducted between August 2011 and February 2014 in-
cluding a total of 2057 adults aged 21–90years with T2DM.13 The
participants were recruited consecutively from a secondary hospital
and a neighboring primary-care public outpatient clinic in equal pro-
portion in Singapore. Diagnosis of T2DMwas based on American Diabe-
tes Association criteria. The exclusion criteria included: Type 1 diabetes,
pregnant subjects, subjects with active inflammation (e.g. systemic
lupus erythromatosis) and cancer, subjects taking non-steroid anti-
inflammation drugs on the same day of clinical/vascular/biomedical as-
sessment, subjects on oral steroids equivalent to ≫5 mg/day predniso-
lone, those who could not fulfill the informed consent process and
those who wore a pacemaker or any device that may be affected by
electric current. After phlebotomy, those with fasting glucose
≪4.5 mmol/l or ≫ 15.0 mmol/l, and subjects with Hemoglobin A1c
(HbA1c)≫ 108 mmol/mol (≫ 12%)were also excluded from the study.
13 1206 patients have been followed up for amedian of 3.2 years (range
2.1–5.8 years) from September 2014. This study has been approved
by the National Healthcare Group Domain Specific Review Board
(NHG-DSRB). Individual written informed consent was obtained prior
to enrollment in the study.

2.2. Assessment of DR at follow-up

45 degree single field photos, centered on the macula, were taken
using non-mydriatic camera (pupils were not dilated) for both eyes in
all study subjects (TRC-NW 200, Topcon Co Japan) at follow-up visit.
Therefore, all DR cases including prevalent DR at baseline (no assess-
ment) and incident prospective DR at follow-up were included in our
study. For each eligible eye, two digital color fundus photographs
were captured and assessed by a fellowship trained retina specialist in
a masked fashion to minimize any possible bias. The photographs
were not graded and labeled as ungradable if more that 50% of the ret-
inal photographs were not clearly visible. DR was considered present if
any characteristic lesions as defined by Early Treatment Diabetic Reti-
nopathy Study were present. The minimum criterion for diagnoses of
DR was presence of at least one definite micro aneurysm and/or retinal
hemorrhage. DR severity was further categorized into NPDR and PDR.14

DR was classified as NPDR based on the presence of one or more of the
following features: micro aneurysms, hemorrhages, hard or soft exu-
dates, venous beading, and intraretinal microvascular abnormalities.
DR was classified as PDR if there was neovascularization, pre-retinal
hemorrhages, vitreous hemorrhage, or panretinal laser photocoagula-
tion scars. The severity of DR in theworse affected eye was used for ret-
inopathy grading. Intra-rater reliability was excellent with an observed
percentage agreement of 92.4% for the presence of DR (kappa = 0.79)
and 89.9% for the severity of DR (kappa = 0.74).

2.3. Baseline plasma LRG1 measurement

Fasting blood samples were obtained and plasma aliquots were
stored at −80 °C until analysis. LRG1 level was measured in plasma
samples with 4–6 freeze-thaws cycles by a sandwich enzyme-linked
immunosorbent assay kit (Immuno-Biological Laboratories, Hamburg,
Germany). The intra-assay coefficient of variation was 3.0% to 4.9%,
inter-assay coefficient of variation was 4.2% to 5.1%, and sensitivity
was 0.17 mg/ml.

2.4. Clinical and biochemical measurement

Body mass index (BMI) was calculated as body weight (kg)/height
(m)2. Blood pressure was measured using a mercury sphygmomanom-
eter on the right arm using appropriate cuff sizes. Systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) were calculated from
the average of three most consistent readings. HbA1c was measured
based on monoclonal antibody agglutination reaction using a point-of-
care immunoassay analyzer (DCAVantage Analyzer; Siemens, Erlangen,
Germany) certified by National Glycohemoglobin Standardization Pro-
gram. High-density lipoprotein-cholesterol (HDL-C) and low-density
lipoprotein-cholesterol (LDL-C) were quantified by enzymatic method
using Kodak Ektachem chemistry slides. The intra- and inter-assay coef-
ficients of variation were 5.7% and 7.7%, respectively. The sensitivity re-
ported by the manufacturer was 4.12 pg/ml. Urinary albumin-to-
creatinine ratio (ACR) was determined by urinary creatinine measured
by enzymaticmethod on Roche/Hitachi cobas c system (RocheDiagnos-
tic GmbH, Mannheim, Germany) and albumin measured by a solid-
phase competitive chemiluminescent enzymatic immunoassay with a
lower detection limit of 2.5 μg/ml (Immulite; DPC, Gwynedd, UK). Esti-
mated glomerular filtration rate (eGFR) was calculated based on a
widely used Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation in patients with diabetes.15 CKD was defined by
the presence of eGFR ≪60 ml/min/1.73m2 or kidney damage as indi-
cated by ACR ≥ 30 mg/g.16 Plasma level of pigment epithelium-
derived factor (PEDF), an important angiogenic inhibitor,wasmeasured
and quantified by ELISA (Biovendor Laboratory Medicine, Modrice,
Czech Republic). Arterial stiffness was estimated by carotid-femoral
pulse wave velocity (PWV) using SphygmoCor® (AtCor Medical,
Sydney, Australia) and expressed as meters per second.9 Microvascular
endothelial vasodilation was quantified using laser Doppler flowmetry
(Lisca PIM 1.0; Lisca Development AB, Linkoping, Sweden) to assess cu-
taneous perfusion accompanied by iontophoresis of acetylcholine (Ach)
(endothelium-dependent) or sodium nitroprusside (NaNP) (endothe-
lium- independent), respectively. Vasodilation was presented as per-
centage change from baseline.9 Data collections and measurements at
baseline and follow-up visits were performed using the same protocol.

2.5. Statistical analysis

Standard descriptive statisticswere used to describe the characteris-
tics of T2DM patients. Normally distributed continuous data were
expressed as means and standard deviations (SDs). Skewed variables
were expressed as median and inter-quartile range (IQR) and nature
log (ln)-transformed before data analyses. Differences between groups



Table 1
Baseline characteristics of individuals with T2DM stratified by presence of DR (n = 1206).

Variables DR (396) Non-DR
(810)

All (1206) P-valuea

LRG1 (μg/ml) 19.5 ± 11.3 16.9 ± 8.9 17.7 ± 9.8 ≪0.001
Entry age (yrs) 56.4 ± 9.6 55.9 ± 10.6 56.1 ± 10.3 0.41
Duration of T2DM (yrs) 15.4 ± 9.4 8.8 ± 7.1 11.0 ± 8.5 ≪0.001
Male gender (%) 215 (54.3) 409 (50.6) 624 (51.8) 0.22
Ethnicity, n (%)

Chinese 191 (48.2) 455 (56.2) 646 (53.6)
Malays 97 (24.5) 142 (17.6) 239 (19.8)
Indians 99 (25.0) 184 (22.7) 283 (23.5)
Others 9 (2.3) 28 (3.5) 37 (3.1) 0.01

Hba1c (%) 8.4 ± 1.4 7.5 ± 1.2 7.8 ± 1.3 ≪0.001
Current/former smokers,
n (%)

76 (19.2) 114 (14.1) 190 (15.8) 0.02

RAS medication, n (%) 286 (72.2) 411 (51.3) 697 (58.2) ≪0.001
Insulin (%) 226 (57.2%) 170 (21.2%) 396 (33.0%) ≪0.001
BMI (kg/m2) 27.7 ± 4.9 27.8 ± 5.4 27.8 ± 5.2 0.85
HDL-C (mM) 1.26 ± 0.3 1.30 ± 0.3 1.29 ± 0.3 0.09
LDL-C (mM) 2.7 ± 0.8 2.8 ± 0.8 2.7 ± 0.8 0.14
TG (mM)b 1.4 (1.0–1.9) 1.4 (1.1–1.9) 1.4 (1.0–1.9) 0.10
SBP (mmHg) 143.8 ± 19.2 136.2 ± 16.1 138.7 ± 17.5 ≪0.001
DBP (mmHg) 79.4 ± 9.8 78.8 ± 9.3 79.0 ± 9.4 0.29
PWV (m/s) 10.7 ± 3.1 9.0 ± 2.4 9.6 ± 2.8 ≪0.001
PEDF (ng/ml)b 16.4

(13.5–20)
14.8
(12.1–18.0)

15.2
(12.5–18.7)

≪0.001

Ach (%) 106.7 ± 84.4 131.0 ± 96.9 123.0 ± 93.6 ≪0.001
NaNP (%) 66.7 ± 52.1 82.9 ± 56.6 77.6 ± 55.7 ≪0.001
eGFR (ml/min/1.73 m2) 80.0 ± 30.5 92.3 ± 21.3 88.3 ± 25.4 ≪0.001
ACR (mg/g)b 69

(187–432)
13 (4–41) 21 (6–84.5) ≪0.001

CKD, n (%)c 280 (70.1) 296 (36.5) 576 (47.8) ≪0.001

HbA1c, hemoglobin A1c; BMI, body mass index; SBP, systolic blood pressure; DBP, dia-
stolic bloodpressure;HDL-C, high density lipoprotein cholesterol; LDL-C, lowdensity lipo-
protein cholesterol; TG, total triglycerides; RAS (renin–angiotensin system) medication,
angiotensin-converting-enzyme or angiotensin receptor blockers; PWV, pulse wave ve-
locity; PEDF, pigment epithelium-derived factor; Ach (Acetylcholine), endothelial-depen-
dent induced change in micro-circulatory perfusion; NaNP (Sodium Nitroprusside),
endothelial-independent induced change in micro-circulatory perfusion; LRG1, Leucine-
rich alpha-2-glycoprotein; eGFR, estimated glomerular filtration rate; ACR, albumin-to-
creatinine ratio; CKD, chronic kidney disease.

a Statistical significance (P ≪ 0.05) in univariate analysis was shown in bold.
b expressed as median (inter-quartile range).
c eGFR≪60 ml/min/1.73m2 AND/OR ACR ≥ 30 mg/g.
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were compared by t-test, Wilcoxon rank-sum test or χ2 test where
appropriate.

Univariate analysis was performed for individual clinical and bio-
chemical parameters to verify associated factors (Table S1). Variables
that were statistically significant in univariate analysis (p ≪ 0.1) or
with putative roles in the pathobiology of DRwere added intomultivar-
iable logistic regression models. Logistic regression was used to exam-
ine the association of LRG1 with the presence of DR. Multinomial
logistic regression was used to examine the associations of LRG1 with
the severity of DR. Ordinal logistic regression models were used to esti-
mate the overall trend of the above associations. The following baseline
variables were incorporated as covariates: age, gender, ethnicity, T2DM
duration, SBP, HBA1c, smoking status, TG, HDL, CKD, endothelial-
dependent and independent function, and usage of renin-angiotensin
system (RAS) medications and insulin. Performance in prediction of
DR was assessed by area under curve (AUC).

The mediation effect on the association between LRG1 and DR was
tested using a series of hierarchical regressions adjusting for potential
confounders. According to Baron and Kenny,17 mediation is demon-
strated based on the following criteria: 1) the independent variable
(LRG1) is significantly associatedwith themediator (PWV), 2) the inde-
pendent variable is significantly associated with the dependent variable
(DR), 3) the mediator is significantly associated with the dependent
variable, 4) the association between the independent and dependent
variable must be attenuated when the mediator is included in the re-
gressionmodel (Fig. 1). The total effect (c) can be divided into the direct
(c’) and indirect effect effected mediated by PWV (a x b). Therefore, the
size of the mediation effect was evaluated by indirect effect divided by
total effect, using the equation of a x b/(a x b + c’),18 where a (a =
0.29, p ≪ 0.001) is the coefficient relating the independent variable
(LRG1) to themediator (PWV), b (b=0.14, p=0.002) is the coefficient
relating the mediator (PWV) to the dependent variable (DR), and c’
(c’ = 0.30, p = 0.005) is the coefficient relating the independent vari-
able (LRG1) to the dependent variable (DR) while adjusting for theme-
diator. The bootstrap analysis of 500 replications was adapted to
estimate the mediation effect and its corresponding 95% confidence
interval.18 All statistical analysis was performed using STATA version
14.0 (STATA Corporation, College Station, Texas, USA). A two-tailed p
value of ≪0.05 was considered as statistically significant.
3. Results

3.1. LRG1 level and the presence of DR

DRwas found in 396 (32.8%) of the 1206 patients. Table 1 compares
baseline characteristics of T2DM patients stratified by the presence of
DR in univariate analysis. DR patients have longer T2DM duration,
higher HbA1c, SBP, PWV and PEDF level, worse kidney function and en-
dothelial function compared with non-DR patients. More DR patients
used RAS medications and insulin than non-DR patients. LRG1 level
Fig. 1. Mediation effect through PWV. PWV at baseline as a mediator of the relationship
between baseline LRG1 and PDR at follow-up (12.0% mediation effect, p = 0.03) after
adjustment for age, T2DM duration, SBP, HBA1c, insulin usage and CKD.
were significantly higher in DR than non-DR patients (19.5 ± 11.3 vs.
16.9 ± 8.9 μg/ml, p ≪ 0.001).

In univariate analysis, 1-SD increase in LRG1 level were associated
with the presence of DR (OR = 1.30, 95% CI, 1.15–1.46, p ≪ 0.001).
Table 2 shows that the association was attenuated to non-significant
in fully adjusted model (OR = 1.12, 95% CI, 0.96–1.30, p = 0.16).

3.2. LRG1 level and the severity of DR

In 396DR cases, therewere 270NPDR and 107 PDR (19 ungradable).
LRG1 level was significantly higher in patients with PDR (23.2 ±
15.4 μg/ml) than NPDR (18.1 ± 8.9 μg/ml, p ≪ 0.001) and non-DR pa-
tients (p ≪ 0.001). LRG1 level in NPDR is marginally higher than that
in non-DR patients (p = 0.05). PEDF levels in PDR (17.0 (13.8–21.4)
ng/ml, p ≪ 0.001) and NPDR (16.3 (13.4–19.7) ng/ml, p ≪ 0.001) pa-
tients were significantly higher than non-DR patients (14.8 (12.1–
18.0) ng/ml). There is no significant difference between NPDR and
PDR (p = 0.12).

Table 2 shows the association of LRG1with the severity of DR inmul-
tivariable analysis. After adjustment, with 1-SD increase in LRG1, the
relative risk of having NPDR and PDR was 0.99 (95% CI, 0.83–1.18,
p = 0.91) and 1.42 (95% CI, 1.14–1.76, p = 0.002) (p-trend = 0.01),
respectively.

The AUC of ROC analysis of LRG1 for the prediction of PDR was 0.64
(95% CI, 0.58–0.69) (Fig. S1). The positive and the negative predictive
value was 66.7% and 88.7%, respectively. Fig. S1 also shows predictive

Image of Fig.�1


Table 2
The association of LRG1 with the presence (n = 1206) and severity of DR (n = 1187).

Variables DR (396) NPDR (270) PDR (107)

OR (95%CI) Pa OR (95%CI) Pa OR (95%CI) Pa

LRG1 (μg/ml) 1.12 (0.96–1.30) 0.16 0.99 (0.83–1.18) 0.91 1.42 (1.14–1.76) 0.002
Age (yrs) 0.98 (0.97–0.99) 0.03 0.99 (0.97–1.01) 0.21 0.97 (0.94–0.99) 0.02
Male gender 0.95 (0.67–1.34) 0.76 0.94 (0.64–1.38) 0.77 0.84 (0.48–1.46) 0.53
Ethnicity
Chinese Ref. Ref. Ref.
Malays 1.43 (0.97–2.10) 0.07 1.77 (1.16–2.69) 0.01 0.89 (0.48–1.67) 0.72
Indians 1.57 (1.08–2.27) 0.02 1.78 (1.19–2.65) 0.01 0.98 (0.53–1.82) 0.96
Others 0.62 (0.25–1.55) 0.31 0.90 (0.35–2.30) 0.83 0.18 (0.02–1.45) 0.11

T2DM duration (yrs) 1.07 (1.05–1.09) ≪0.001 1.06 (1.04–1.08) ≪0.001 1.11 (1.08–1.14) ≪0.001
SBP (mmHg) 1.02 (1.01–1.03) ≪0.001 1.02 (1.01–1.03) ≪0.001 1.02 (1.01–1.03) 0.01
Hba1c (%) 1.44 (1.27–1.63) ≪0.001 1.52 (1.331.73) ≪0.001 1.22 (1.01–1.49) 0.04
Current/former smokers 1.62 (1.07–2.45) 0.02 1.85 (1.19–2.88) 0.01 1.31 (0.66–2.62) 0.44
LnTG (mM) 0.80 (0.57–1.11) 0.19 0.70 (0.48–1.02) 0.06 0.86 (0.51–1.42) 0.56
HDL-C (mM) 1.25 (0.76–2.03) 0.37 1.15 (0.67–1.97) 0.60 1.39 (0.64–3.00) 0.41
RAS medication (%) 1.14 (0.82–1.57) 0.44 1.12 (0.79–1.59) 0.53 1.12 (0.65–1.95) 0.68
Insulin (%) 1.88 (1.34–2.65) ≪0.001 1.81 (1.24–2.63) 0.002 2.16 (1.28–3.67) 0.004
Ach (%) 0.999 (0.997–1.001) 0.42 0.999 (0.997–1.001) 0.52 0.998 (0.994–1.001) 0.27
NaNP (%) 0.996 (0.993–0.999) 0.03 0.996 (0.993–1.00) 0.05 0.997 (0.992–1.002) 0.38
CKD 2.74 (1.99–3.79) ≪0.001 2.25 (1.59–3.20) ≪0.001 5.64 (3.04–10.44) ≪0.001

LRG1, Leucine-rich alpha-2-glycoprotein; SBP, systolic blood pressure; HbA1c, hemoglobin A1c; TG, total triglycerides;HDL-C, high density lipoprotein cholesterol; RAS, renin–angiotensin
system; Ach, Acetylcholine; NaNP, Sodium Nitroprusside; CKD, chronic kidney disease.

a Statistical significance (P ≪ 0.05) in multivariate analysis adjusted for age, gender, ethnicity, T2DM duration, SBP, HBA1c, smoking status, TG, HDL, CKD, endothelial-dependent and
independent function, and usage of RAS medications and insulin was shown in bold.
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ability of variables that are significantly associatedwith PDR (age, T2DM
duration, SBP, HBA1c, insulin usage and CKD), and combination of these
variables with LRG1. We observed slightly improvement in AUC when
LRG1 (0.84, 95% CI, 0.80–0.88) was added to the model consisting of
the above variables (0.83, 95% CI, 0.79–0.88, p = 0.11).

3.3. Mediation effect between LRG1 and PDR

Because LRG1 was associated with PDR only, we examined whether
PWV is a mediator for the association between LRG1 and PDR. Fig. 1
shows mediation analysis after adjustment for age, T2DM duration,
SBP, HBA1c, insulin usage and CKD. There was significant association
of LRG1 with PWV (a = 0.29, p ≪ 0.001), and PWV with PDR (b =
0.14, p = 0.002). LRG1was significantly associated with PDR (c =
0.34, p = 0.002). When LRG1 and PWV were simultaneously included
in the model, the association between LRG1 and PDR was attenuated,
but remains significant (c’=0.30, p=0.005). The partial indirect effect
through PWV can be expressed as ????/(???? + ??’) = (0.29 × 0.14)/
[(0.29 × 0.14) + 0.30] = 12.0%. The bootstrap method estimated that
the indirect, direct and total effects are 0.02 (95%CI, 0.002–0.04, p =
0.03), 0.16 (95%CI, 0.06–0.26, p = 0.002), and 0.18 (95%CI, 0.08–0.28,
p = 0.001), individually.

4. Discussion

This is the first study to demonstrate that plasma LRG1 levels were
significantly associated with PDR in T2DM patients after taking into ac-
count the effect of confounding factors. Further mediation analysis
shows that central arterial stiffness partially mediated the association
between LRG1 and PDR, accounting for 12% of the association.

LRG1 was shown to localize exclusively in the vasculature of various
human tissues including the eye.7 Previous studies have demonstrated
higher LRG1 level in vitreous fluid from PDR than non-DR patients.7,8

However, it is uncertain whether the increase in vitreous of LRG1 is
the result of increased local production induced by hypoxia or leakage
from the systemic circulation under diabetic conditions.7 Measurement
of LRG1 levels in vitreous fluid may have limited clinical application be-
cause vitreous fluid can only be obtained invasively in a subgroup of DR
patients undergoing surgery as part of their clinical management. Thus,
LRG1 level in easily and inexpensively collected samples, such as
plasma, may represent a potential screening tool for DR.

To our knowledge, only one study has measured plasma level of
LRG1 in a Chinese population (n = 86), including healthy controls,
non-DR T2DM patients, NPDR, and PDR.8 Compared with non-DR pa-
tients, therewas slight increase in plasma LRG1 level in NPDR, and a sig-
nificantly higher LRG1 level in PDR (1.4-fold).8 Our result in a much
large-scale cohort agrees very well with the finding, showing margin-
ally significant increase of LRG1 in NPDR than non-DR, and a 1.4-fold in-
crease of LRG1 in PDR than non-DR. Although both studies measured
plasma LRG1 levels using ELISA, plasma level of LRG1was different, pos-
sibly because of differences between the Chinese and our population in
terms of BMI (24.6 vs. 27.8 kg/m2) and fasting blood glucose (10.5 vs.
8.1 mmol/l). To date, all studies of vitreous and plasma LRG1 levels
are cross-sectional, and therefore, it remains unclear whether changes
in plasma LRG1 level represent cause or consequence of DR.

Although the exact mechanism underlying LRG1 and PDR is not
clear, we proposed several possibilities based on our mediation analysis
and previous reports. First, we found plasma level of LRG1 was associ-
ated with PWV,9 and higher PWV was associated with the presence
and severity of DR in our previous cross-sectional studies in
SMART2D,19 suggesting that arterial stiffness might have an etiologic
implication in any stage of DR. However, it has not been fully clarified
whether PWV acts as a confounder or as a mediator. Our study clarified
the mediating role of PWV, the “gold-standard” measurement for arte-
rial stiffness, in the relationship between LRG1 and PDR. Central arterial
stiffness can aggravate systemic vasculopathy by propagating elevated
systolic and pulse pressures forward, thereby accentuating global vas-
cular injury. If this process affects other vascular-bed systemically, it
may be potentially harmful to retinal microcirculation with consequen-
tial development of DR.20 Second, enhanced angiogenesis is known as a
feature of advanced DR, such a PDR. The process of angiogenesis is de-
pendent on the dynamic balance between angiogenic stimulators and
inhibitors.21 In our study, we found higher plasma level of PEDF, an an-
giogenic inhibitor, in PDR (17.0 (13.8–21.4) ng/ml, p≪ 0.001, n=107)
and NPDR (16.3 (13.4–19.7) ng/ml, p≪ 0.001, n=270) comparedwith
non-DR patients (14.8 (12.1–18.0) ng/ml, n = 810). Our results sug-
gests that higher level of PEDF occurs probably as a secondary response
to counteract the activity of the angiogenic stimulators (such as LRG1);
however, such anti-angiogenic effect may be limited to early stages like
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NPDR.22,23 Studies on other angiogenic factors, such as vascular endo-
thelial growth factor, are needed to provide a more complete under-
standing on the relationships of LRG1, angiogenesis and PDR. Third,
inflammation, an essential process interlinked with angiogenesis, is
also implicated in any stage of DR, including PDR with
neovascularization.24 LRG1 has been proposed to be implicated in the
elevation of inflammatory pathways, possibly through induction of
other pro-inflammatory cytokines.25,26 Future studies involving cyto-
kine analysis will be needed to clarify the regulatory mechanisms of
LRG level in PDR patients.

In this study, we also demonstrated that age, duration of diabetes,
SBP, HbA1c, usage of insulin and CKD at baseline are also risk factors
for DR, which agrees with previous studies among Asians with
T2DM.27–29 The use of insulin therapy reflects insufficient β-cell insulin
secretory response and is also often a proxy for disease duration and
burden among T2DM patients.30 Previous studies have consistently
demonstrated the associations of worse kidney function with increased
risk of DR among T2DMpatients, suggesting that DR and CKDmayprog-
ress in a parallel manner.10 We also observed significantly increased
CKD with DR severity (36.5% vs. 65.6% vs.83.2% for non-DR vs. NDR vs.
NPDR, p≪ 0.001), suggesting that DR is a proxy for total disease burden
in T2DM patients. Taken together, T2DM patients with usage of insulin,
worse kidney function, and poor blood pressure and glycemic control,
deserve global vascular risk factors reduction.

Our findings have potentially important clinical implications. First,
early detection through eye examination is key to successful treatment
for DR. Given the current recommendation for diabetic patients is an-
nual dilated retinal examination as the standard of care, only 24.7% dia-
betic patients with visual symptoms attended annual eye examination
in Singapore.31 Screening for PDR by biomarkers, such as LRG1, may
be a simple and inexpensive tool for screening and treatment. Second,
the discoveredmediating effect may offer new opportunities for clinical
interventions to reduce PDR risk by intervention at the modifiable me-
diator. For example, amelioration of arterial stiffness through life-style
modification (i.e., smoking, salt intake) or pharmacotherapy, may con-
tribute to reduction in advanced blinding stages of DR. Thirdly, Wang
et al. have demonstrated reduced lesion sizes of choroidal neovascular-
ization by antibody blockade of LRG1 in mouse model. It is a strong ex-
perimental evidence that LRG1 is a potential therapeutic target for
controlling angiogenesis in DR.7

The strengths of this study include accurate DR status obtained by
fundus imaging, complete patient information, and a prospective
study design. Comparedwith DR status obtained by self-report and fun-
dus imaging, the overall accuracy of self-report DR status is 73.2% and
74.6% in our and others studies.32 Previous studies with small sample
size and incomplete patient informationwere unable to examine the as-
sociation with statistical adjustment. In our study, problems of inaccu-
rate or incomplete data could be overcome. The prospective study
design allows better inference about mediation.

Several limitations have also been identified. First, our findings
should be interpreted with caution because of small sample size for
PDR patients. We did not observe significant improvement in the risk
prediction for PDR when LRG1 was incorporated in the risk prediction
model, possibly because of the limited sample size in PDR patients. Sec-
ond, we captured non-mydriatic single-field but not ultra-widefield
fundus photographs, and therefore it is possible that some cases of
PDR were not detected. Finally, our study was based on diabetes pa-
tients in a secondary hospital, whose conditions may be different from
diabetes patients at national level. For example, Singapore National
Health Survey in 2010 reports better profiles than ours, such as lower
fasting plasma glucose level and less poor glycemic control. Therefore,
whether our findings can be extrapolated to a national level remains
to be determined.

In summary, our results demonstrated that higher plasma level of
LRG1were significantly associatedwith PDR in T2DMpatients, suggest-
ing that LRG1 may be used as a potential biomarker for PDR. The
associations were partiallymediated by PWV, suggesting that ameliora-
tion of central arterial stiffness may contribute to prevention of PDR.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jdiacomp.2019.05.021.
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