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Abstract

Purpose Dickkopf-1 (DKK-1) is a secreted

inhibitor of the Wnt/b-catenin signaling

pathway, which plays a pathogenic role in

diabetic retinopathy (DR). We aimed to

investigate whether DKK-1 levels in the

plasma and the vitreous are associated with

DR in type 2 diabetes mellitus (DM)

patients.

Methods Case–control study: plasma

samples were collected from 125 type 2 DM

including 81 DR (29 non-proliferative DR

(NPDR) and 52 proliferative DR (PDR)), 44

non-DR patients (NDR), and 100 non-diabetic

controls. Undiluted vitreous fluid samples

were obtained from 30 PDR and 25 non-

diabetic patients. DKK-1 concentrations in

samples were determined using enzyme-

linked immunosorbent assay. Variables were

compared with the Kruskal–Wallis H test,

Mann–Whitney U-test, and w2-test, when

appropriate.

Results Plasma DKK-1 levels were

significantly lower in DR patients (median:

465.77 pg/ml, range: 137.11–1190.31) than in

non-diabetic controls (656.83 pg/ml, 171.63–

1795.08; Po0.001) and NDR patients

(693.04 pg/ml, 305.43–1218.35; Po0.001).

Furthermore, DKK-1 levels were lower in

PDR patients (425.21 pg/ml, 137.10–1077.32)

compared with NPDR patients (594.86 pg/ml,

256.36–1393.27; P¼ 0.003). Vitreous absolute

DKK-1 levels in PDR patients (259.04 pg/ml,

104.44–596.96) were higher than in non-

diabetic controls (138.26 pg/ml, 18.69–239.52;

Po0.001). After normalizing by total vitreous

protein concentrations, however, there was

no significant difference between the groups.

DKK-1 levels in vitreous were lower than

those in plasma in both groups (Po0.001 for

controls; P¼ 0.002 for PDR patients).

Conclusions Decreased plasma DKK-1

levels, which may contribute to the Wnt

pathway activation, are associated with the

presence and progression of DR, and have

potential to become a biomarker for DR.
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Introduction

Diabetic retinopathy (DR) is one of the most

common microvascular complications of

diabetes mellitus (DM), which is a major cause

of vision loss and blindness in working age

populations, and its prevalence exhibits

continuous increase.1 It is estimated that DR

affects more than 10 000 individuals per year.1

Nevertheless, there is no effective non-invasive

treatment, because the pathogenesis of DR

remains largely enigmatic. It is, therefore,

necessary to identify the etiopathogenesis or the

risk factor(s) associated with DR, and to

develop new therapeutic strategies for this

disease.

Identification of systemic and local factors

associated with DR can provide new insights

relating to the pathogenesis of DR and

consequently contribute to the development of

early diagnosis and new therapeutic modalities.

Recently, great progress has been achieved in

identifying soluble factors in the circulation and

vitreous fluid, such as TNF-a, VEGF, and

sICAM-1, which are associated with the

development and progression of DR.2–8

A recent study demonstrated that the

canonical Wnt signaling pathway is activated in

the retina in humans with DR and in DR animal

models, and it has a causative role in DR.9 The

Wnt/b-catenin signaling pathway is an

important signaling pathway that regulates

multiple biological and pathological processes
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including cell proliferation and differentiation, apoptosis,

stem cell maintenance, angiogenesis, inflammation,

fibrosis, and carcinogenesis.10 This signaling pathway is

regulated by a number of natural inhibitors including

Dickkopf-1 (DKK-1), a well-established specific inhibitor

of the Wnt signaling pathway.11 DKK-1 is a secreted

protein and readily detectable in the circulation.12–16

Therefore, it is hypothesized that DKK-1 levels in

circulation or ocular fluid could be associated with

the development and progression of DR.

To test this hypothesis, the present study measured

DKK-1 levels in the plasma and vitreous fluid from

diabetic patients with and without DR, and compared

them with those in non-diabetic controls.

Materials and methods

Study participants

This case–control study was conducted in Xiamen Eye

Center Affiliated to Xiamen University from December

2009 to November 2010, and received approval from the

Human Ethics committee of the center before this study,

in accordance with the Declaration of Helsinki. Informed

consent was obtained from each subject after the

participants were informed with the purpose of the study

and potential adverse effects of these procedures in

detail.

Plasma samples were collected from consecutive type

2 diabetic patients with (DR) or without DR (NDR), and

non-diabetic controls. All patients developed diabetes

after the age of 30 years and were treated with insulin or

oral anti-diabetic agents and an appropriate diet.

Non-diabetic controls were age-matched individuals

with no evidence of diabetes or ocular hemorrhages,

exudation, or neovascularization who visited the center

for routine examination, prescription of eyeglasses, or

registering for cataract surgery during the same time

frame. All subjects were of Han Chinese origin.

Exclusion criteria for ocular included previous

intraocular surgery, intravitreal therapy, glaucoma, a

history of ocular inflammation such as uveitis, and other

ocular neovascular diseases such as retinal vein occlusion

and age-related macular degeneration. Systemic

exclusion criteria included renal dysfunction, hepatic

dysfunction, ischemic cerebrovascular disorders,

ischemic cardiovascular disorder, hematological

diseases, connective tissue and systemic inflammatory

diseases and history of malignancy, bone diseases,

neurological disorder, and anti-platelet therapy, which

may affect DKK-1 levels in circulation or ocular tissues.

In selected subjects, vitreous fluid samples were

collected from proliferative DR (PDR) patients

undergoing vitrectomy. Non-diabetic patients without

ocular neovascularization and inflammation served as

controls. All vitreous samples from patients with recent

vitreous hemorrhage (within past 2 months) or in whom

hemoglobin was detected in the vitreous were excluded.

All participants underwent clinical evaluation and a

comprehensive ophthalmologic examination including

best-corrected visual acuity, intraocular pressure

evaluation, slit-lamp biomicroscopy, and dilated

binocular ophthalmoscopy and B-scan ultrasound.

Fundus photography (FP), fluorescein angiography (FA),

or optical coherence tomography (OCT) was performed

in DR patients.

All diagnoses of type 2 diabetes were based on criteria

recommended by the World Health Organization. The

diagnosis of retinopathy was made by an independent

ophthalmologist using ophthalmoscopy, FP, FA, or OCT.

Based on the international clinical DR severity scale,17

retinopathy was classified as no diabetic retinopathy

(NDR), non-proliferative diabetic retinopathy (NPDR),

or proliferative diabetic retinopathy (PDR). Participants

were categorized according to the findings in the worse

eye. Fasting blood glucose (FBG) and hemoglobin

A1c (HbA1c) were reported by clinical laboratory.

Hypertension was defined as a resting arterial

blood pressure Z140/90 mm Hg or a history of

antihypertensive drug therapy. Height and weight were

measured to determine body mass index. Prior histories

and personal characteristic habits and duration of

diabetes were obtained from all participants via a

questionnaire.

Collection of blood samples and vitreous fluid samples

Blood samples, drawn from the antecubital vein, were

collected into tubes containing heparin. Following the

centrifugation of the samples at 3000 RPM for 10 min at

4 1C, the plasma was separated and stored at � 80 1C

within 2 h until the assay was performed.

Undiluted vitreous fluid samples (B0.5 ml) from one

eye per patient were collected through the vitreous cutter

using a syringe attached to an automated vitrector before

opening the infusion line at the start of a standard three-

port pars plana vitrectomy. Samples were transferred to a

tube, placed immediately on ice and centrifuged at

12 000 r.p.m. for 5 min at 4 1C. The supernatant was

separated and stored at � 80 1C.

Measurement of DKK-1 levels

DKK-1 levels in the plasma and vitreous fluid were

measured using a commercial enzyme-linked

immunosorbent assay (ELISA) kits (R&D Systems,

Minneapolis, MN, USA). It is a sandwich enzyme

immunoassay that permits DKK-1 measurements within
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a linear range of 31.3–2000 pg/ml with a detection limit

of 15.6 pg/ml. The assay allows sensitive and specific

analysis of plasma DKK-1. The procedures were

performed according to the instructions from the

manufacturer. The laboratory personnel who performed

ELISA were blind to the source of the samples, which

were identified by numeric codes. All of the

measurements were performed in triplicate for each

sample, and the mean values were calculated. Inter- and

intra-assay variations were 4.1% and 6.0%, respectively.

Measurement of vitreous hemoglobin

To exclude those in whom intravitreous hemoglobin was

detected, vitreous hemoglobin levels were determined by

spectrophotometry (Uvikon 860, Kontron Instruments,

Zurich, Switzerland), using the classic method of Harboe

for measuring plasma hemoglobin in micromolar

concentrations.18

Measurement of total vitreous proteins

Quantification of total proteins levels of centrifuged

vitreous was performed by bicinchonic acid (BCA)

colorimetric quantification (BCA Protein Assay Reagent

kit; Pierce, Rockford, IL, USA) according to the

manufacturer’s instructions.

Statistical analysis

Statistical analyses were performed with SPSS (16.0; SPSS

Inc., Chicago, IL, USA). Data were presented as the

mean±SD, frequency (percentage), or median (range).

Distribution of data was assessed using the Kolmogorov–

Smirnov test. Depending on the distribution of data,

independent sample t-tests or Mann–Whitney U-test was

applied when only two comparisons were assigned.

Kruskal–Wallis H test or one-way ANOVA was used for

multiple comparisons. Chi-square test or Fisher’s exact

test was carried out to compare categorical variables.

Comparisons were also made for the geometric mean

plasma DKK-1 levels on a logarithmic scale between

groups, after adjusting for age, gender, body mass

index, current smoking (vs current nonsmoking), and

hypertension (yes/no). A two-tailed P-valueo0.05 was

considered to indicate statistical significance.

Results

Subjects’ demographics

The clinical characteristics of the subjects were

summarized in Table 1. Plasma samples were collected

from 125 type 2 diabetic patients, including 81 DR

patients and 44 NDR patients, and 100 non-diabetic

controls. The 81 DR group included 29 NPDR patients

and 52 PDR patients. Age and gender were matched

among DR, NDR and control groups. Hypertension was

more common in DR and NDR groups than in controls,

but its prevalence did not vary significantly in the DR

and NDR. There was no significant difference in body

mass index, smoking status, duration of DM, FBG, and

HbA1c levels between DR group and NDR group.

Vitreous fluid samples were harvested from eyes of 30

patients with PDR and 25 controls. In PDR, vitrectomy

was performed for persistent vitreous hemorrhage with

capillary neovascularization on the retinal surface

(n¼ 12), tractional retinal detachment with the presence

of fibrotic, regressed, retinal neovascularization (n¼ 13)

or macular edema (n¼ 5). Controls were non-diabetic

ocular diseases including patients with idiopathic

macular holes (n¼ 12), rhegmatogenous retinal

detachment patients (n¼ 8), or idiopathic epiretinal

membrane patients (n¼ 5).

Plasma levels of DKK-1 in DR patients

There was a statistically significant difference of DKK-1

levels in the plasma among DR, NDR, and non-diabetic

control groups (Po0.001, Kruskal–Wallis H test).

As shown in Figure 1a, the levels of DKK-1 were

significantly lower in the DR group (median: 465.77

pg/ml, range: 137.11–1190.31) in comparison with those

in non-diabetic controls (656.83 pg/ml, 171.63–1795.08;

Po0.001, Mann–Whitney U-test) and NDR groups

(693.04 pg/ml, 305.43–1218.35; Po0.001, Mann–Whitney

U-test). Adjusted geometric mean (95%CI) DKK-1 levels

on a logarithmic scale remained lower in those with DR

(457.40 (412.09–509.33) pg/ml), compared with either

non-diabetic controls (659.17 (598.41–724.44) pg/ml;

Po0.001) or those with NDR (691.03 (599.79–794.33)

pg/ml; Po0.001), after adjustment for age, gender,

smoking status, BMI, and hypertension. No statistical

difference in DKK-1 levels was found between NDR

patients and healthy controls (P¼ 0.571, Mann–Whitney

U-test). These findings demonstrated that decreased

DKK-1 levels in the circulation are associated with the

presence or development of DR. In addition, we further

analyzed the relation of DKK-1 levels to the severity of

DR. DKK-1 levels in the plasma were lower in PDR

patients (425.21 pg/ml, 137.10–1077.32) than in NPDR

patients (594.86 pg/ml, 256.36–1393.27; P¼ 0.003,

Mann–Whitney U-test; Figure 1b). Adjusted geometric

mean (95%CI) DKK-1 levels remained lower in those

with PDR (408.31 (358.92–464.52) pg/ml), compared with

NPDR patients (561.04 (472.06–665.27) pg/ml; P¼ 0.022),

after adjustment for age, gender, smoking status, BMI,
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and hypertension. These findings revealed that

decreased DKK-1 levels in the circulation are associated

with severity or progression of DR.

Vitreous fluid concentrations of DKK-1

The absolute concentrations of vitreous DKK-1 levels

were significantly higher in the patients with PDR

(259.04 pg/ml, 104.44–596.96) than in controls with non-

diabetic ocular diseases (138.26 pg/ml, 18.69–239.52;

Po0.001, Mann–Whitney U-test; Figure 2a). To

determine the influence of the breakdown of the blood–

retina barrier (BRB) and, in consequence, the increased

blood diffusion that occurs in diabetic patients with PDR,

the vitreous DKK-1 concentrations were normalized for

total vitreous protein concentration. We detected higher

intravitreous protein concentrations in diabetic patients

with PDR (3.03 mg/ml, 0.59–7.06) than in non-diabetic

patients (0.99 mg/ml, 0.36–1.96; Po0.001; Figure 2b).

After adjusting for total vitreous protein concentration,

DKK-1 levels (ratio of DKK-1/total vitreous protein

concentrations) in patients with PDR (118.24 pg/mg,

61.02–177.02) were similar to those in the control group

(122.21 pg/mg, 51.90–199.03; P¼ 0.710; Figure 2c).

Vitreous fluid vs plasma concentrations of DKK-1

DKK-1 levels were significantly lower in the vitreous

fluid than in the plasma from both controls (Po0.001;

Figure 3a) and PDR patients (P¼ 0.002; Figure 3b). In

Table 1 Demographics and clinical characteristics of study subjectsa

Characteristic Plasma samples Vitreous fluid

DR group
(n¼ 81)

NDR group
(n¼ 44)

Control group
(n¼ 100)

PDR group
(n¼ 30)

Control group
(n¼ 25)

Sex (F/M; n) 43/38 24/20 56/44 16/14 12/13
Age (years) 62 (36–83) 64 (35–83) 66 (37–84) 56 (43–63) 56 (36–68)
Hypertension, n (%) 38 (46.9)b 19 (47.5)b 22 (22.0) 13 (43.3) 9 (39.1)
Current smokers, n (%) 11 (13.6) 7 (15.9) 12 (12.0) 5 (16.7) 3 (12.0)
Body mass index, (kg/m2) 27.91±3.00 28.09±3.67 27.22±2.83 28.08±3.12 27.52±2.95
Duration of DM (years) 9 (2–30) 6 (1–20) — 10 (2–30) —
FBG (mmol/l) 7.44±2.27 7.26±2.13 — 7.27±2.19 —
HbA1c (%) 8.65±1.35 8.97±1.68 — 8.78±1.43 —
Retinal pathologies (n) NPDR (29)

PDR (52)
— — VH (12)

TRD (13)
ME (5)

IMH (12)
RRD (8)
IEM (5)

Abbreviations: DR, diabetic retinopathy; FBG, free blood glucose; IEM, idiopathic epiretinal membrane; IMH, idiopathic macular holes; ME, macular

edema; NDR, diabetic patients without DR; PDR, proliferative DR; RRD, rhegmaogenous retinal detachment; TRD, tractional retinal detachment;

VH, vitreous hemorrhage.

The chi-square test was carried out to compare categorical variables (sex, smoking status, and hypertension); Kruskal–Wallis test was used for multiple

comparisons of age; Mann–Whitney U-test was applied when only two comparisons of age, duration of DM; one-way ANOVA was performed to

compare body mass index among DR, NDR and control groups; independent sample t-tests was applied for comparisons of FBG or HbA1c between NDR

and DR groups.
a Data were expressed as number (%), mean±SD, or median (range).
b vs control, Po0.05.

Controls
n=100

NDR
n=44

DR
n=81

0

500

1000

1500

2000
P<0.001

P<0.001

P
la

sm
a 

D
K

K
-1

 (
pg

/m
l)

NPDR
n=29

PDR
n=52

0

500

1000

1500 P=0.003

P
la

sm
a 

D
K

K
-1

 (
pg

/m
l)

Figure 1 Decreased plasma DKK-1 levels in DR patients. (a) Comparison of DKK-1 concentrations in the plasma of non-diabetic
individuals (controls), diabetic patients without retinopathy (NDR), and diabetic retinopathy (DR). (b) Comparison of KK-1 levels
between patients with non-proliferative diabetic retinopathy (NPDR) and patients with proliferative diabetic retinopathy (PDR). Data
were analyzed with Mann–Whitney U-test. The boxes represent the 25th and 75th percentile (the lower and upper quartiles,
respectively), and the band near the middle of the box represents the 50th percentile (the median). The ends of the whiskers represent
the minimum and maximum.
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addition, it was noted that DKK-1 concentrations in the

vitreous were not as high as those in the plasma in all

subjects.

Discussion

To our best knowledge, this is the first report to measure

levels of DKK-1 in circulation and human vitreous fluid

of DR patients. It is reported that alterations of

circulating DKK-1 protein levels have been shown to be

associated with various diseases such as multiple

myeloma, rheumatoid arthritis, breast cancer, lung

cancer, and esophageal cancer patients.12–16 However,

there is no documented study to associate circulating

DKK-1 levels with DR. There is also no information

available concerning the DKK-1 level in the vitreous

fluid.

In our study, it was shown that DKK-1 levels in the

plasma were significantly lower in patients with DR

when compared with non-diabetic subjects and NDR

patients. Furthermore, they were further lower in

patients with PDR, which is an advanced stage of DR,
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Figure 2 DKK-1 levels in the vitreous of PDR. (a) Comparison of DKK-1 concentrations between proliferative diabetic retinopathy
(PDR) patients and controls. (b) Comparison of total vitreous proteins concentrations between PDR patients and controls.
(c) Comparison of DKK-1 levels (ratio of DKK-1 to total vitreous proteins (pg/mg)) after adjusting for the total vitreous proteins
between PDR patients and controls. Controls were non-diabetic patients with other retinal pathologies consisting of idiopathic macular
holes patients (n¼ 12), hegmaogenous retinal detachment (n¼ 8), idiopathic epiretinal membrane (n¼ 5). Data were analyzed with
Mann–Whitney U-test. The boxes represent the 25th and 75th percentiles (the lower and upper quartiles, respectively), and the band near
the middle of the box represents the 50th percentiles (the median). The ends of the whiskers represent the minimum and maximum.
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Figure 3 Comparison of DKK-1 levels in vitreous fluid and plasma. (a) Comparison of DKK-1 levels in vitreous and plasma of
controls. (b) Comparison of DKK-1 levels in vitreous and plasma of PDR patients. Data were analyzed with Mann–Whitney U-test. The
boxes represent the 25th and 75th percentiles (the lower and upper quartiles, respectively), and the band near the middle of the box
represents the 50th percentiles (the median). The ends of the whiskers represent the minimum and maximum.
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compared with those in patients with NPDR. These

results suggest that decreased DKK-1 levels in the

circulation might be related to the presence and severity

or progression of DR.

We do not know at present whether the change

represents primary causes or consequences of DR. The

nature of our study does not permit us to determine

whether low levels of DKK-1 can accurately predict

subsequent DR events. DKK-1 is an inhibitor of the Wnt

signaling pathway and platelets are the major source of

circulating DKK-1.19 It was demonstrated that the

canonical Wnt signaling pathway has a causative role in

DR in animal models.9 Taking into account such reports

and our present results, it is speculated that some events

in DM could influence the secretion of DKK-1 from the

platelet, leading to decrease of DKK-1 levels, and

subsequently, the decreased DKK-1 levels might

contribute to the aberrant activation of the Wnt signaling

pathway that could promote retinal inflammation and

neovascularization in DR by the upregulation of

inflammatory and proangiogenic factors including

TNF-a, ICAM-1, and VEGF.9,20 Thus, it seems reasonable

to postulate that decreased DKK-1 levels may have an

influence on the development and progression of DR and

have the potential to become a biomarker for prediction

of DR. Our study also suggests that medications to

induce expression of DKK-1 or external supplement

DKK-1 could be of value for preventing and treating DR.

However, the therapeutic value of DKK-1 in the

treatment of DR in humans requires further

investigation. Further study would also be necessary to

investigate factors affecting DKK-1 levels in circulation.

The vitreous fluid obtained from patients submitted to

vitreoretinal surgery could be a useful material for

indirectly exploring special factor levels in retina. In the

present study, DKK-1 concentrations were found to be

higher in the vitreous fluid in PDR patients when

compared with those in the controls. However, apart

from local production, the elevated proteins levels in the

vitreous can be influenced by the blood levels through

vitreous hemorrhage and the disruption of the blood–

retinal barrier as found in DR. In this study, the influence

of vitreous hemorrhage was ruled out, as all vitreous

samples, in which recent clinical vitreous hemorrhage

(o2 months) was reported or hemoglobin was detected

in the vitreous, were rejected. The breakdown of the

blood–retinal barrier that exists in DR could facilitate the

passage of DKK-1 from systemic circulation into the

vitreous body. Our results revealed the increase of

intravitreal total protein concentration observed in PDR

patients in comparison with non-diabetic controls and no

significant difference of DKK-1 concentrations between

DR and non-diabetes groups was found after

normalization to total vitreous proteins concentrations.

These findings suggest that the enhancement of DKK-1 in

patients with PDR mainly derive from the blood

diffusion due to the disruption of blood–retinal barrier

but not local production in retina.

It is reported that the DKK-1 mRNA is expressed at

low levels in most other normal human tissues, such as

the heart, liver, lung, kidney, brain, and bone marrow.21

This result was supported by our data in this study that

DKK-1 was at low levels (18.69–239.52 pg/ml) in human

vitreous, being strikingly lower than those in the plasma

in controls. Our result suggests that DKK-1 may be

produced at low levels in ocular tissues, and little of the

circulating DKK-1 may leak into the ocular fluid under

normal conditions. In PDR patients, the vitreous levels of

DKK-1, even the highest recorded here (596.96 pg/ml),

was also lower than that in the plasma (752.02 pg/ml).

These indicated that the increased DKK-1 level in the

vitreous humor of PDR patients would not be sufficient

to inhibit the abnormal activation of the Wnt signaling

pathway, regardless of its origin, suggesting that

subretinal or intravitreal injection of DKK-1 could be a

therapeutic strategy for DR.

Our study has the following limitations. First, it is a

case–control study and further longitudinal clinical

studies are necessary to clarify whether or not lower

circulating DKK-1 levels are more susceptible to DR or

diabetic vascular complications, or measuring DKK-1

levels is a useful means to aid early diagnosis,

prospectively determine prognosis. Second, the vitreous

fluid obtained from patients undergoing vitreoretinal

surgery is an indirect measure. However, it is very

difficult to perform a direct method of quantification of

DKK-1 levels in the human retina. Finally, as the number

of study subjects was notlarge, we did not evaluate the

relationship between DKK-1 levels and clinical

characteristics such as gender, age, levels of FBG or

HbA1c, duration and therapy of diabetes, presence,

duration and therapy of concomitant disease

hypertension and polyneuropathy, which should be

confirmed by further studies.

In conclusion, we first investigated DKK-1 levels in

the circulation in DR patients, and provided the first

evidence of DKK-1 presence in the vitreous fluid. Our

results showed that decreased DKK-1 levels are

associated with the presence and the progression of

DR. The decreased circulating DKK-1 levels may

contribute to the Wnt pathway activation in retina in

DR, and have potential to become a biomarker for

prediction of DR. DKK-1 was detected at very low

levels in the vitreous humor. Our study may

potentially have clinical importance, which will not

only enhance understanding of the pathogenic

mechanisms of DR, especially PDR, or ocular vascular

disorders, but also could provide basis for new
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strategies for PDR treatment, or provide evidence to

develop a novel biomarker for prediction and

prognosis of this disease.

Summary

What was known before

K Canonical Wnt signaling pathway is activated in the
retina in humans with DR and in DR animal models, and
it has a causative role in DR.

K DKK-1, a secreted protein, is a specific inhibitor of the
Wnt signaling pathway.

What this study adds
K We measured DKK-1 levels in the plasma and vitreous

fluid from patients with DR.

K Plasma DKK-1 levels were significantly lower in DR
patients than those in non-diabetic subjects and
NDR patients. They were further lower in PDR patients
compared with NPDR patients. These results
suggest that decreased DKK-1 levels in the circulation
might be related to the presence and severity or
progression of DR.

K Vitreous absolute DKK-1 levels in PDR patients were
higher than those in non-diabetic controls, due to the
disruption of blood–retinal barrier but not local
production in retina.

K DKK-1 was at low levels in human vitreous, being
strikingly lower than those in the plasma in controls.
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