Molecular Vision 2015; 21:665-672 <http:/www.molvis.org/molvis/v21/665>
Received 11 February 2015 | Accepted 10 June 2015 | Published 12 June 2015

ZMV

© 2015 Molecular Vision

Elevated LRP6 levels correlate with vascular endothelial growth

factor in the vitreous of proliferative diabetic retinopathy
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Purpose: To measure intravitreal low-density lipoprotein receptor-related protein 6 (LRP6) and vascular endothelial
growth factor (VEGF) levels in the eyes of patients with proliferative diabetic retinopathy (PDR) and to observe their
correlation with PDR activity.

Methods: Fifty-five eyes of 55 patients were enrolled consecutively. Vitreous samples from 30 eyes with PDR and 25
eyes with nondiabetic macular disease were collected. Active PDR was present in 16 patients and quiescent PDR in 14
patients according to retinal neovascularization. LRP6 and VEGF concentrations in samples were determined using
enzyme-linked immunosorbent assay (ELISA).

Results: ELISA revealed significant increases in the vitreous levels of VEGF in eyes affected with PDR compared to
the controls (p<0.001). The mean concentrations of LRP6 were also higher in the vitreous samples from patients with
PDR compared to the nondiabetic controls: 39.85 ng/ml and 15.48 ng/ml, respectively (p=0.002). In addition, the vitre-
ous levels of LRP6 and VEGF were significantly higher in active PDR than in quiescent PDR (p=0.022 and p=0.015,
respectively). Furthermore, a significant positive correlation was found between intravitreal levels of LRP6 and VEGF
in patients with PDR (r=0.567, p=0.001). However, comparison of patients with PDR with controls revealed that the
plasma levels of LRP6 were not significantly different between the two groups (p=0.636).

Conclusions: LRP6 and VEGF levels in the vitreous body from patients with PDR were increased and correlated mutu-

ally. LRP6 may be a good diagnostic biomarker and a new therapeutic target for PDR.

Angiogenesis, the formation of new vessels from a preex-
isting vascular network, is regulated by two counterbalancing
systems, including proangiogenic factors and antiangiogenic
factors [1]. Among these cytokines, vascular endothelial
growth factor (VEGF) is the most powerful player, which can
activate VEGF receptor 2 (VEGF-R?2), stimulate endothelial
cell proliferation, and result in pathological angiogenesis
[2,3]. Previous studies have shown that the disrupted balance
between the levels of VEGF and other factors may contribute
to angiogenesis, one of the hallmarks in the pathogenesis of
diabetic retinopathy [4,5].

Proliferative diabetic retinopathy (PDR), the advanced
stage of diabetic retinopathy, is a major cause of visual
impairment globally, characterized by retinal angiogenesis
and formation of fibrovascular tissue [6]. To date, the exact
mechanism for PDR remains unclear. Increasing evidence
has revealed that the Wnt signaling pathway may be involved
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in the development of diabetic retinopathy [7,8]. Wnts are
a group of secreted, cysteine-rich glycoproteins, which may
participate in multiple biologic and pathological processes,
including cell angiogenesis and inflammation [9,10]. Upon
binding of certain Wnts to the Frizzled and low-density lipo-
protein receptor (LDLR)-related proteins (LRP) 5/6 corecep-
tors, glycogen synthase kinase-3p is inactivated, preventing
phosphorylation of B-catenin and resulting in its accumula-
tion [11]. B-catenin then translocates into the nucleus, inter-
acts with T-cell factor/lymphoid enhancer factor (TCF/LEF),
and regulates the expression of target genes including VEGF
[12,13].

A previous study found components of Wnt signaling,
including Frizzled4 and LRPS, were significantly over-
expressed in pathological neovascularization of oxygen-
induced proliferative retinopathy (OIR) in an animal model
[14]. More recently, it was detected that Dickkopf (DKK)I1, a
Wnt antagonist, was also decreased in the plasma of patients
with diabetic retinopathy, which suggests the Wnt signaling
pathway is associated with the pathogenesis of diabetic
retinopathy [15]. LRP6, a member of the LDLR family, has
been demonstrated to be an indispensable coreceptor for the
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canonical Wnt pathway. By binding with LRP6, a monoclonal
antibody was confirmed to inhibit Wnt signaling, which
prevented vascular leakage and inflammation in a strepto-
zotocin (STZ)-induced diabetic animal model [16]. These
previous findings led us to hypothesize that LRP6 may be
upregulated in PDR and the protein’s levels in vitreous may
be associated with retinal angiogenesis. In this regard, we
aimed to examine the concentrations of LRP6 in vitreous
fluid and plasma in the present study. We also analyzed the
relationship between intravitreal levels of LRP6 and VEGF.

METHODS

Study subjects: This study was conducted in accordance
with the Declaration of Helsinki and was approved by the
institutional review committee of Beijing Tongren Hospital,
Capital Medical University. All procedures were performed
in accordance with the ARVO Statement on human subjects.
Informed consent for all examinations and procedures was
obtained from each subject. A total of 55 participants, who
met the inclusion and exclusion criteria, were enrolled (30
subjects in PDR group and 25 subjects in control group,
respectively). All cases were referred to the ophthalmology
clinic of Beijing Tongren Eye Center.

Inclusion criteria were patients with PDR who received
pars plana vitrectomy (PPV) for long-standing (>3 months) or
recurrent vitreous/preretinal hemorrhage or tractional retinal
detachment involving or threatening the macula. The control
group consisted of patients without diabetes who were candi-
dates for the treatment of macular hole (MH) or idiopathic
epiretinal membrane (ERM). Exclusion criteria included
photocoagulation in the preceding 3 months or previous
vitreoretinal surgery within the past 2 years, recent vitreous
hemorrhage (<3 months before vitrectomy), and past history
of ocular inflammation, rubeosis iridis, and rhegmatogenous
retinal detachment.

All patients underwent a careful examination with slit-
lamp biomicroscopy using a 90-D fundus non-contact lens
(Volk Super Field NC, Mentor, OH). Standardized digital
fundus photography and fluorescence angiography (Tokyo
Optical Co. Ltd, Tokyo, Japan) were performed preopera-
tively to confirm the fundus findings. Fasting blood glucose
and hemoglobin Alc (HbAIc) data were obtained from the
clinical laboratory. Hypertension was defined as resting arte-
rial blood pressure no less than 140/90 mmHg or a history of
antihypertensive drug therapy. A detailed questionnaire was
used to collect information about previous history.

Retinopathy was graded intraoperatively in all eyes
by two ophthalmologists. In summary, active diabetic reti-
nopathy was defined as eyes with PDR showing perfused
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preretinal capillaries in the retina or optic disc. Quiescent
diabetic retinopathy was defined as eyes with only nonper-
fused gliotic vessels or fibrosis [17].

Sample collection: At the beginning of the vitrectomy,
0.5—-1.0 ml of the undiluted vitreous sample was obtained by
aspiration into a 2 ml sterile syringe attached to the vitreous
cutter (Accurus Ophthalmic Surgical System; Alcon Surgical
Laboratory Inc., Irvine, CA) before the infusion line was
opened. The samples were then transferred in sterilized
microcentrifuge tubes (2 ml), placed immediately on ice,
and centrifuged at 2,500 xg for 5 min at 4 °C. Supernatants
without sediment were divided into aliquots and frozen
immediately at —80 °C until assayed. Blood samples were
collected into tubes containing EDTA. Plasma was obtained
from the blood samples by centrifugation at 2,500 xg for 10
min at 4 °C and stored at —80 °C until assayed.

Measurement of LRP6 and VEGF Levels: The vitreous or
plasma samples were diluted, and then LRP6 and VEGF
levels were measured with enzyme-linked immunosorbent
assay (ELISA) using the human LRP6 assay kit (Human
LRP6, Donglin Sci&Tech Development Co. Ltd., Wuxi,
China) and the Quantikine human VEGF assay kit (Quan-
tikine human vascular endothelial growth factor, R&D
Systems, Inc., Minneapolis, MN). Each assay was performed
in triplicate, according to the manufacturer’s instructions.
Briefly, 100 ul each of dilutions of standard, blank, and
samples were added into the wells of a 96-well plate coated
with a monoclonal antibody. After incubation for 2 h at 37 °C,
the liquid of each well was removed, and an enzyme-labeled
antibody was added. Following further incubation for 2 h at
37 °C, the plate was washed, and the substrate solution was
added. After 30-min incubation, the reaction was completed
by adding the stop solution, and the optical density was read
at 450 nm using a spectrophotometer (SpectraMax Gemini
UVmax; Molecular Devices, Sunnyvale, CA) with a wave-
length correction of 540 nm. A standard curve was plotted
from the results measured with the standard solution (5—1,000
pg/ml for VEGF, 0.156—-10 ng/ml for LRP6). The VEGF or
LRP6 concentration in each sample was determined from
the standard curve. The minimum detectable concentration
for the VEGF ELISA kit is 5.0 pg/ml, with the intra-assay
coefficient of variation (CV) 4.5% and the inter-assay CV
7.0%. The detection limit for the LRP6 ELISA assays was
0.059 ng/ml, with the intra-assay CV 6.0% and the inter-assay
CV 6.5%.

Statistical analysis: Statistical analysis was performed using
SPSS software (version 19.0; SPSS, Chicago, IL). Measure-
ment data were presented as mean £SD (standard deviation) or
median [minimum to maximum range]. The Mann—Whitney
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Figure 1. The box-and-whisker
plot represents the median and
minimum to maximum range of
vitreous LRP6 or VEGF levels.
Vitreous samples were measured
among 30 subjects with PDR and
25 subjects as control. The levels

of (A) lipoprotein receptor-related

PDR Control

protein 6 (LRP6) and (B) vascular
endothelial growth factor (VEGF)

PDR Control

were significantly increased in eyes with proliferative diabetic retinopathy (PDR) compared to controls (LRP6: p=0.002 and VEGF: p<0.001,

respectively).

U test or independent Student ¢ test was used to analyze
the differences between two groups after the data were
checked for normal distribution. The chi-square or Fisher
exact test was used to compare noncontinuous variables. The
Spearman-rank correlation coefficient test was performed to
analyze the associations between the intravitreal LRP6 levels
and the other measured parameters. A value of p<0.05 was
considered statistically significant.

RESULTS

The patients with diabetes included 12 men and 18 women,
who were 54.30410.06 years. Active PDR was present in 16
patients and quiescent PDR in 14 patients. The control group
included 11 men and 14 women whose age ranged from 37 to
73 years with a mean of 56.88+9.35 years.

Concentrations of LRP6 and VEGF in vitreous samples of
all patients: Demographic, clinical, and laboratory data for
the PDR group and the control group are shown in Table
1. There were no statistically significant differences in age
and gender between the two groups (p>0.05). The statistical
analysis revealed a significant difference in blood glucose

levels between patients with PDR and the controls (p<0.001).
The intravitreal LRP6 levels were significantly higher in the
PDR group (39.85 ng/ml [7.27-220.48]) than in the control
group (15.48 ng/ml [4.88-108.20], p=0.002; Figure 1A). In
addition, the VEGF concentrations in the vitreous fluid of
the PDR eyes were also higher, compared with those in the
control group (474.62 pg/ml [31.64—-1899.34] versus 29.29 pg/
ml [10.20-190.05]; p<0.001; Figure 1B).

Concentrations of LRP6 and VEGF in vitreous samples of
patients with active PDR and quiescent PDR: We compared
the baseline data of the subgroups between patients with
active PDR and those with quiescent PDR (Table 2). No
differences were observed for age, gender, duration of
diabetes, levels of blood glucose, and HbA lc between the two
groups (p>0.05). We found significantly higher intravitreal
concentrations of LRP6 and VEGF in the active PDR group
compared to the quiescent PDR group (LRP6: 122.69 ng/ml
[15.69-220.48] versus 23.60 ng/ml [7.27-147.08]; p=0.022 and
VEGEF: 1129.70 pg/ml [60.01-1899.34] versus 304.56 pg/ml
[31.64-1084.02]; p=0.015; Figure 2A, B).

TABLE 1. DEMOGRAPHIC, CLINICAL AND LABORATORY DATA FOR PROLIFERA-
TIVE DIABETIC RETINOPATHY (PDR) PATIENTS AND CONTROLS.

Variable PDR (n=30) Controls (n=25) P value
Age (years) 54.30 + 10.06 56.88 +9.35 0.333
Gender/male (%) 12(40.00) 11(44.00) 0.765
Glucose (mmol/l) 7.30 + 1.48 5.34+0.53 <0.001
Hypertension (%) 12(40.00) 8(32.00) 0.539
HbAlc (%) 745+0.79 - -
Duration of diabetes (years) 12.80 £5.94 - -

HbAlc=glycosylated hemoglobin
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P=0.015

Figure 2. LRP6 and VEGF
concentrations were measured in
the vitreous fluid of 16 patients
with active PDR and 14 patients
with quiescent PDR. The box-and-
whisker plot represents the median

and minimum to maximum range

T T
Active PDR Quiescent PDR

T
Active PDR

of vitreous LRP6 or VEGF levels.
There was a statistically significant

T
Quiescent PDR

difference between the two groups for (A) lipoprotein receptor-related protein 6 (LRP6; p=0.022) and (B) vascular endothelial growth factor

(VEGF; p=0.015).

Concentrations of LRP6 in plasma samples of all patients:
LRP6 levels were detected in all plasma samples from the
patients with PDR, as well as from the control group without
diabetes (Figure 3). Comparing the patients with PDR with
the controls revealed that the LRP6 plasma levels were not
significantly different between the two groups (PDR: 13.74
ng/ml [4.80—76.86]; controls: 12.32 ng/ml [4.75-72.85];
p=0.636).

Correlation between LRP6 and VEGF levels in vitreous
fluid: Association-based analysis was performed on the LRP6
and VEGF levels in the vitreous. In the 30 eyes of the patients
with PDR, the intravitreal LRP6 levels revealed a signifi-
cantly positive correlation with the VEGF levels (1=0.567,
p=0.001; Figure 4). However, no significant relationships
between the vitreous concentrations of LRP6 and VEGF were
detected in the 25 eyes of the nondiabetic controls (r=0.125,
p=0.553).

Correlation between intravitreal LRP6 levels and various
clinical and laboratory parameters: No significant correla-
tion was observed between the intravitreal LRP6 concentra-
tions and age (r=0.164, p=0.386), gender (r=0.024, p=0.901),

frequency of hypertension (r=0.118, p=0.533), blood glucose
(r=0.067, p=0.726), and HbAlc (r=0.196, p=0.300).

DISCUSSION

Despite recent rapid progress in the use of anti-VEGF thera-
pies for treating diabetic retinopathy, the long-term effect
of this therapy remains unclear. In addition, some patients
with PDR do not respond well to anti-VEGF therapy. Accord-
ingly, these provide a rationale for the development of new
therapeutics for diabetic retinopathy. Increasing experimental
evidence has indicated that Wnt signaling is involved in the
development of diabetic retinopathy in animal models [7,8],
but to our knowledge, limited data are available in humans.
The present study is the first to examine the intravitreal
levels of LRP6 in patients with PDR to evaluate the role of
Wnt signaling in diabetic retinopathy. This study provided
evidence of significantly increased concentrations of LRP6
and VEGF in the vitreous fluid from patients with PDR
compared to nondiabetic controls. We also demonstrated
that intravitreal LRP6 levels were significantly higher in
PDR eyes with active neovascularization than in the quiescent

TABLE 2. DEMOGRAPHIC, CLINICAL AND LABORATORY DATA FOR PATIENTS WITH

ACTIVE AND QUIESCENT PROLIFERATIVE DIABETIC RETINOPATHY (PDR).

Variable Active PDR (n=16) Quiescent PDR (n=14) P value
Age (years) 5438 £10.73 54.21 £9.63 0.966
Gender/male (%) 5(31.30) 7(50.00) 0.457
Glucose (mmol/I) 7.27 £ 1.61 733 +1.38 0.915
Hypertension (%) 7(43.80) 5(35.70) 0.722
HbAlc (%) 7.58 £0.76 7.30 £ 0.82 0.349
Duration of diabetes (years) 13.44 +£5.83 12.07 £ 6.21 0.539

HbAlc=glycosylated hemoglobin
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Figure 4. Correlation between levels
of LRP6 and VEGF in vitreous
fluid. Intravitreal lipoprotein
receptor-related protein 6 (LRP6)
levels revealed a significant corre-
lation with vascular endothelial
growth factor (VEGF) in patients
with proliferative diabetic reti-
nopathy (PDR) (r=0.567, p=0.001).
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PDR group. Furthermore, a significantly positive correlation
between the LRP6 and VEGF levels in the vitreous fluid was
detected in patients with PDR. However, the LRP6 levels
in plasma were not significantly different between the PDR
group and the control group. Our findings suggested that
LRP6 might be associated with the development and progres-
sion of diabetic retinopathy.

The canonical Wnt signaling pathway was suggested
to participate in the process of inflammation and angiogen-
esis in ocular diseases [18,19]. It has been shown that Wnt
receptors are expressed in pathological neovascular tufts
and the receptors’ mRNA levels are significantly increased
in neovessels during OIR [14]. Another previous study also
demonstrated that upregulation of Wnt signaling might play
a pathogenic role in diabetic retinopathy and the activation
occurred mainly in the inner retina. LRP6, another well-
known receptor for the Wnt pathway, is also expressed in
multiple retinal layers [7]. In this study, we detected signifi-
cantly higher intravitreal levels of LRP6 in patients with PDR
compared with those in controls, providing further evidence
to support the role of Wnt signaling in diabetic retinopathy.
Intravitreal injection of SERPINA3K, an LRP6 antagonist
and an endogenous inhibitor of Wnt signaling [20], was shown
to inhibit retinal inflammation and attenuate retinal neovas-
cularization in the OIR model [21]. Similarly, by binding
LRP6, DKK1 and pigment epithelium-derived factor (PEDF)
were proved to suppress Wnt signaling, and thus ameliorate
angiogenesis and inflammation in OIR or diabetic animals
[7,22]. Another endogenous antagonist of LRP6, kallistatin,
was also demonstrated to inhibit Wnt signaling and exert
antiangiogenic and anti-inflammatory activities in diabetic
retinopathy [23]. In addition, we compared the intravitreal
concentrations of LRP6 in the active PDR group and the
quiescent PDR group. A significant difference was found
between the two forms of PDR, with higher levels in active
PDR, indicating the expression of LRP6 may be associated
with the activity of PDR. Taken together, these observations
indicated that LRP6 activity might be responsible, at least in
part, for the pathological angiogenesis in PDR.

Neovascularization of the retina is one pathogenic
feature of PDR and has good correlation with intravitreal
levels of VEGF [24,25]. Our results are consistent with these
previous data. The intravitreal concentrations of VEGF in
the PDR group were significantly increased compared to
the controls, revealing the involvement of VEGF in disease
pathogenesis. Previous studies have demonstrated that VEGF
may act as a downstream effector of Wnt/B-catenin signaling
[26,27]. By transducing human umbilical vein endothe-
lial cells (HUVECs) with Ad-B-catenin, Skurk detected
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dose-dependent upregulation of VEGF-A and VEGF-C RNA.
Consistent with increased VEGF signaling, upregulation of
VEGF-R2 transcript and protein levels in endothelial cells
was also demonstrated [28]. Another in vitro experiment also
indicated that B-catenin signaling could upregulate expres-
sion of VEGF-A in colon cancer [29]. In the STZ-induced
diabetic model, disruption of B-catenin in Miiller cells was
shown to attenuate overexpression of VEGF and decrease
vascular leakage [8]. Additionally, for the first time, we found
a significantly positive correlation between intravitreal LRP6
and VEGF from patients with PDR in the current study. All
these findings suggested that LRP6 might play a critical role
in promoting angiogenesis in diabetic retinopathy, possibly
acting synergistically with VEGF.

LRP 5 and 6 are considered cell-surface endocytosis
receptors essential for the canonical Wnt signaling pathway.
Although LRP6 is not supposed to relocate out of the cells,
our study detected LRP6 levels in the plasma and vitreous
samples. However, the molecular mechanism is still unknown
at present. Furthermore, in this study we found significantly
higher intravitreal levels of LRP6 in eyes with PDR compared
to the controls, which correlated well with VEGF levels in
the vitreous. It is possible that LRP6 is derived from the
breakdown of the blood—retinal barrier or blood contamina-
tion due to vitreous hemorrhage in PDR. However, LRP6 was
also detected in the vitreous fluid of non-diabetic controls. In
addition, patients with recent vitreous hemorrhage 3 months
preceding the study were excluded, which helped to avoid the
massive influx of serum proteins into the vitreous. Although
the origin of LRP6 is still uncertain, we suspect that the
elevated vitreous LRP6 in PDR might be produced locally
from intraocular tissues. This can be supported in a previous
study, which detected more intensive LRP5/6 signals in the
inner retina of STZ-diabetic rats compared with nondiabetic
controls with immunohistochemical analysis [7]. Further
work, including histopathological analysis of postmortem
eyes from patients with PDR, is needed to determine the
exact origin of LRP6 and its role in inflammation and angio-
genesis in PDR.

The present study was limited by the small sample size
with heterogeneous eye conditions, including different stages
of PDR and various durations of previous retinal photoco-
agulation. All these factors may result in the large range of
VEGF levels in current study. However, our findings are
consistent with previous studies [30,31]. In addition, we did
not include diabetes patients without retinopathy or subjects
with non-proliferative diabetic retinopathy. Nevertheless, our
observations might be favorable for better understanding the
pathogenesis of diabetic retinopathy.
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In conclusion, our findings demonstrated that LRP6

levels were increased in the vitreous body from patients with
PDR and there was a positive correlation between LRP6
and VEGF. Although further experiments are needed to
elucidate the exact role of Wnt signaling in PDR, LRP6 may
be a potentially new therapeutic target in such pathological
angiogenesis.
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