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vascular pathology via up-regulation of endothelial angiopoietin-2
in the retina

Yi Qiu1 • Di Zhao1 • Vicki-Marie Butenschön1 • Alexander T. Bauer2 •

Stefan W. Schneider2 • Edward Y. Skolnik3 • Hans-Peter Hammes4 •

Thomas Wieland1 • Yuxi Feng1

Received: 28 January 2015 / Accepted: 30 March 2015 / Published online: 23 April 2015

� Springer-Verlag Italia 2015

Abstract

Aims Nucleoside diphosphate kinase B (NDPKB) is ca-

pable of maintaining the cellular nucleotide triphosphate

pools. It might therefore supply UTP for the formation of

UDP-GlcNAc from glucose. As NDPKB contributes to

vascular dysfunction, we speculate that NDPKB might play

a role in microangiopathies, such as diabetic retinopathy

(DR). Therefore, we investigated the impact of NDPKB on

retinal vascular damage using NDPKB-/- mice during

development of DR and its possible mechanisms.

Methods Pericyte loss and acellular capillary (AC) for-

mation were assessed in streptozotocin-induced diabetic

NDPKB-/- and wild-type (WT) mice. Expression of

angiopoietin-2 (Ang2) and protein N-acetylglucosamine

modification (GlcNAcylation) were assessed by western

blot and/or immunofluorescence in the diabetic retinas as

well as in endothelial cells depleted of NDPKB by siRNA

and stimulated with high glucose.

Results Similar to diabetic WT retinas, non-diabetic

NDPKB-/- retinas showed a significant decrease in peri-

cyte coverage in comparison with non-diabetic WT retinas.

Hyperglycemia further aggravates pericyte loss in diabetic

NDPKB-/- retinas. AC formation was detected in the

diabetic NDPKB-/- retinas. Similar to hyperglycemia,

NDPKB deficiency induced Ang2 expression and protein

GlcNAcylation that were not further altered in the diabetic

retinas. In cultured endothelial cells, stimulation with high

glucose and NDPKB depletion comparably increased Ang2

expression and protein GlcNAcylation.

Conclusions Our data identify NDPKB as a protective

factor in the retina, which controls Ang2 expression and the

hexosamine pathway. NDPKB-deficient mice are a suitable

model for studying mechanisms underlying diabetic retinal

vascular damage.

Keywords Nucleoside diphosphate kinase B � Retina �
Angiopoietin 2 � Diabetic retinopathy � O-linked
acetylglucosamine

Introduction

Nucleoside diphosphate kinases (NDPK) supply the cells

with nucleoside triphosphate including UTP [1–3]. Thus,

NDPKs are pivotal to a variety of cellular activities in-

cluding cell proliferation, differentiation, adhesion, mole-

cular transport and apoptosis [4–9]. The isoform B

(NDPKB) is, besides NDPKA, one of the two major
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isoforms of this enzyme family. It catalyzes the formation

of UTP from UDP and ATP [1, 2].

Chronic hyperglycemia leads to an enhanced influx

through the hexosamine pathway. In this pathway, glucose

is metabolized into UDP-N-acetylglucosamine (UDP-

GlcNAc) [10]. As a consequence, O-linked modifications

of nuclear and cytoplasmic proteins by addition of the

amino sugar N-acetylglucosamine (O-GlcNAc) from

UDP-GlcNAc are increased in diabetic endothelial cells

(EC) [11]. The synthesis of UDP-GlcNAc requires UTP in

a 1:1 ratio to glucose, resulting in enhanced UTP con-

sumption in the diabetic endothelium [11]. Although

NDPKB activity is indirectly linked to the formation of

UDP-GlcNAc in glucose metabolism, a role of this en-

zyme in the development of diabetic complications has

not been examined.

Our previous data showed that depletion of NDPKB

attenuates sprouting angiogenesis and thus leads to vas-

cular dysfunction by modulating vascular integrity [12].

Diabetic retinopathy (DR), the earliest vascular complica-

tion in diabetes, is characterized by pericyte loss and

subsequent vasoregression [13]. Several lines of evidences

suggest that angiopoietin-2 (Ang2) is crucial for initiating

vasoregression in DR [14–17]. In the retina, Ang2 is

dominantly expressed in endothelial and glial cells.

Elevated Ang2 levels in early DR and intravitreal injection

of recombinant Ang2 induced pericyte loss in the normal

retina [16]. Recently, Yao et al. demonstrated that hyper-

glycemia induced the elevation of Ang2 in EC by N-

acetylglucosamine modification of the transcription factor

Sp3. The increased GlcNAcylation of Sp3 facilitates Sp1

binding to the Ang2 promoter, thus activating Ang2 tran-

scription [18]. We hypothesize that NDPKB plays a role in

DR. We thus investigated in this study the role of NDPKB

in vascular damage during development of DR and the

underlying mechanisms by analyzing diabetic NDPKB-/-

mice and NDPKB-depleted EC.

Materials and methods

Animals

The use of mice in the study was approved by the local

ethics committee (Regierungspräsidium Karlsruhe, Ger-

many). The care and experimental use of animals were in

accordance with institutional guidelines and in compliance

with the Association for Research in Vision and Ophthal-

mology statement. The generation of NDPKB-/- mice was

previously described [19]. Diabetes was induced in

2-month-old male mice with streptozotocin (STZ, i.p.

145 mg/kg body weight; Roche, Mannheim, Germany)

dissolved in citrate buffer (pH 4.5). Age-matched mice

injected with citrate buffer served as non-diabetic controls.

Successful induction was confirmed by blood glucose over

250 mg/dl at 1 week after STZ treatment. Glucose levels

and body weight were monitored throughout the study.

Mice were killed at 3 or 6 months after diabetes induction

for analysis of alteration in gene expression and the pres-

ence of mild retinopathy. At the end of the study, HbA1c

was determined by in2it (I) A1c-Test (Bio-Rad Laborato-

ries, Hercules, CA, USA). Eyes were obtained and stored at

-80 �C.

Quantitative retinal morphometry

Retinal vessels were isolated using trypsin digestion tech-

nique as previously described [16, 20]. Briefly, retinas were

isolated from eyes fixed in 4 % formaldehyde for 48 h.

Subsequently, they were digested with 3 % trypsin dis-

solved in 0.2 M Tris buffer (pH 7.0) at 37 �C for 3 h. The

pure retinal vasculature were obtained by washing the

retinas with dropping water and dried on objective slides.

The retinal vessels were finally stained with periodic acid–

Schiff and hematoxylin. The number of pericytes was

counted in 10 random 409 microscopic fields of the retina

using an image-analyzing system (AnalysisPro; Olympus

Opticals, Hamburg, Germany) and expressed in pericytes

numbers per mm2 capillary area. The number of acellular

capillaries (AC) was counted in 10 random microscopic

fields using an integration ocular with a grid of 100

squares. The AC segments were expressed in mm2 of

retinal area. Samples were evaluated in a masked fashion.

siRNA-mediated NDPKB knockdown in HUVEC

Human umbilical vein endothelial cells (HUVEC) were

obtained from umbilical cords of healthy newborns with

informed consent of their mothers. The use of HUVEC was

approved by the local medical ethics committee (Medical

faculty Mannheim, University of Heidelberg, Germany).

Isolation and culture of HUVEC were described previously

[21]. Cells until passage 3 were used for the experiments.

50 % confluent cells were transfected with NDPKB siRNA

or control siRNA using lipofectamine (Life Technologies,

Darmstadt, Germany) according to the manufacturer’s

protocol. An NDPKB-specific siRNA (AGG UAG UGU

AAU CGC CUU G) or a scrambled siRNA (AAC UGG

UUG ACU ACA AGU CUU; Eurofins MWG, Operon,

Ebersberg, Germany) was used. Four hours after transfec-

tion, the cells were supplemented with 10 % FCS. Twenty-

four hours after transfection, HUVEC were serum-starved

(0.5 % FCS) overnight followed by stimulation with

30 mM D-glucose or 5.5 mM D-glucose for 24 h.
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Immunoblotting

Western blot was performed using retinal or HUVEC

proteins extracted with RIPA buffer as previously de-

scribed [12]. Briefly, proteins were separated by SDS-

PAGE and electrically transferred onto nitrocellulose

membranes. After blocking with Roti-block (Roth, Karl-

sruhe, Germany), membranes were incubated with primary

antibodies overnight. Immune complexes were incubated

with corresponding secondary antibodies and visualized

using a chemiluminescent peroxidase substrate (2015200,

Roche, Mannheim, Germany; or 34095, Thermo Scientific,

Rockford, USA). Protein expression was quantified using

ImageJ (NIH, USA). For GlcNAc quantification, all bands

in each lane were quantified. Specific primary antibodies

were mouse-anti-NDPKB (Kamiya Biomedical, Seattle,

WA, USA), rabbit-anti-NDPKA (Santa Cruz, Heidelberg,

Germany), goat-anti-Ang2 (Santa Cruz, Heidelberg, Ger-

many), mouse-anti-GlcNAc (Abcam, Cambridge, UK) and

mouse-anti-Tubulin (Sigma-Aldrich, Saint Louis, MO,

USA). The corresponding secondary antibodies were rab-

bit-anti-mouse, goat-anti-rabbit or rabbit-anti-goat from

Sigma-Aldrich (Saint Louis, MO, USA).

Immunofluorescence

HUVEC transfected with NDPKB siRNA or control

siRNA were seeded on gelatin-coated glass coverslips

20 h after transfection. After 6 h, cells were serum-

starved (0.5 % FCS) overnight and subsequently cultured

in 30 mM D-glucose or 5.5 mM D-glucose for 24 h.

Afterwards, cells were washed and fixed with 4 %

formaldehyde. The cells were then blocked and perme-

abilized with 2.5 % BSA and 0.3 % Triton X-100 for 1 h

and incubated with primary antibodies overnight at 4 �C.
After washing, cells were incubated with secondary an-

tibodies conjugated with FITC for 1 h at room tem-

perature. Finally, the cells were washed and mounted

with mowiol (Calbiochem, Germany). The primary an-

tibodies were rabbit-anti-NDPKB ([12], kindly donated

by Dr. Postel, New Brunswick, NJ, USA) and goat-anti-

Ang2 (Santa Cruz, Heidelberg, Germany). The sec-

ondary antibodies were swine-anti-rabbit (Dako,

Glostrup, Denmark) and donkey-anti-goat (Acris, Her-

ford, Germany). Photos were taken by confocal laser

scanning microscopy (Leica Microsystems, Germany).

Statistical analysis

Data are presented as mean ± SEM. One-way ANOVA

with Bonferroni post-test was performed using GraphPad

Prism 5 (GraphPad Software, La Jolla, CA, USA). p values

\ 0.05 were considered significant.

Results

NDPKB deficiency induced diabetes-like vascular

pathology aggravates in experimental DR

To evaluate the contribution of NDPKB in diabetic retinal

vascular damage, we assessed the hyperglycemia-induced

pericyte loss and formation of AC in NDPKB-/- retinas at

6 months after diabetes induction by STZ treatment.

As shown in Table 1, diabetes induced body weight

loss, elevated blood glucose and HbA1c levels in the

NDPKB-/- and wild-type (WT) mice to a similar extent.

There was no difference between NDPKB-/- and WT

controls. As expected, diabetes induced a significant de-

crease in pericyte coverage in WT retinas. Interestingly,

non-diabetic NDPKB-/- retinas showed a similar decrease

in pericyte coverage as diabetic WT retinas (p\ 0.05).

Diabetes further aggravated the vascular damage in

NDPKB-/- mice. The number of pericytes in diabetic

NDPKB-/- retinas was significantly lower than in diabetic

WT retina as well as in non-diabetic NDPKB-/- retinas

(p\ 0.01, p\ 0.05, respectively, Fig. 1). Moreover, dia-

betes significantly enhanced the formation of AC in WT

retinas at 6 months after diabetes induction. The number of

AC in non-diabetic NDPKB-/- retinas was similar to WT

retinas. However, diabetic NDPKB-/- retinas displayed a

significant enhancement in the number of AC compared

with diabetic WT retinas as well as non-diabetic

NDPKB-/- retinas (p\ 0.05, p\ 0.001, respectively).

Thus, NDPKB deficiency significantly aggravates the

damage caused by hyperglycemia, indicating a rather

protective role of NDPKB in the development of DR.

NDPKB depletion results in increased Ang2

expression in retinas and cultured endothelial cells

The early up-regulation of Ang2 is causally involved in the

pericytes loss in diabetic retina [16, 22]. We therefore

analyzed protein levels of Ang2 in NDPKB-/- retinas at 3

months after diabetes induction. Ang2 expression was

significantly up-regulated in diabetic WT retinas compared

with non-diabetic controls (p\ 0.01, Fig. 2, left panels).

However, Ang2 expression was also significantly elevated

in non-diabetic NDPKB-/- retinas compared with non-

diabetic WT controls (p\ 0.05). Hyperglycemia did not

further increase Ang2 expression in NDPKB-/- retinas.

Yao et al. [18] demonstrated that Ang2 is up-regulated

by high glucose in EC. To investigate whether the alter-

ations in Ang2 expression in NDPKB-/- retinas occur in

EC, we examined the expression of Ang2 in NDPKB-

depleted HUVEC. In control cells, high glucose increased

the expression of Ang2 (p\ 0.05). Compared with
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Fig. 1 NDPKB deficiency

induced DR-like vascular

pathology, which was

aggravated in experimental

diabetic retinopathy. Examples

of retinal digest preparations are

shown. Arrowheads indicate

pericytes and arrows show AC.

The quantification of pericyte

coverage and acellular capillary

segments is demonstrated in

fold change. n = 5–8.

*p\ 0.05; **p\ 0.01;

***p\ 0.001. WT, wild type;

KO, NDPKB-/-; NC, non-

diabetic; DC, diabetic. Scale bar

50 lm

Fig. 2 NDPKB depletion

results in increased Ang2

expression in retinas and

cultured endothelial cells.

Representative immunoblots

and quantification of Ang2

expression in the diabetic

NDPKB-/- retina (left panel)

and NDPKB-depleted HUVEC

stimulated with high glucose

(right panel). n = 5–6.

*p\ 0.05; **p\ 0.01. WT,

wild type; KO, NDPKB-/-;

NC, non-diabetic; DC, diabetic;

HG, high glucose; NG, normal

glucose; siNDPKB, NDPKB

siRNA; control, control siRNA

Table 1 Metabolic data of

diabetic NDPKB KO mice
WT NC KO NC WT DC KO DC

Body weight (g) 34.41 ± 0.93 32.84 ± 0.94 26.25 ± 0.37a 24.97 ± 1.07b

Blood glucose (mg/dl) 136.00 ± 4.66 136.67 ± 3.16 587.75 ± 6.30a 594.09 ± 5.42b

HbA1c (%) 5.90 ± 0.15 5.66 ± 0.14 11.82 ± 0.38a 12.13 ± 0.34b

HbA1c (mmol/mol) 40.99 ± 1.64 38.36 ± 1.53 105.69 ± 4,16a 109.08 ± 3.72b

WT, wild type; KO, NDPKB-/-; NC, non-diabetic; DC, diabetic
a p\ 0.05 versus WT NC
b p\ 0.05 versus KO NC
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control cells under normal glucose, NDPKB-depleted

HUVEC also showed an enhanced expression of Ang2

(p\ 0.001). This elevated level remained similar under

high glucose (Fig. 2, right panels). Furthermore, as shown

by immunocytochemistry in supplemental Fig. 1, Ang2

was localized in the Weibel–Palade bodies in HUVEC.

An overall silencing of NDPKB was evident in the

NDPKB knockdown HUVEC (Fig. 3). In accordance with

the previous data [18], an enhanced expression of Ang2 in

control cells stimulated with high glucose was evident.

NDPKB depletion led to an up-regulation of Ang2 ex-

pression in Weibel–Palade bodies, which was not further

elevated by high glucose.

NDPKB depletion leads to excess protein

GlcNAcylation in retinas and cultured endothelial

cells

Based on the significance of the hexosamine pathway acti-

vation in the development of DR and UDP-GlcNAc as a link

between glucosemetabolism and nucleotidemetabolism, we

assessed protein GlcNAcylation in the retina. Enhanced

protein GlcNAcylation was detected in diabetic WT retinas

(p\ 0.01 vs non-diabetic retinas, Fig. 4). Concomitant with

the data showing retinal vascular damage in non-diabetic

NDPKB-/- mice, an increase in GlcNAcylation was de-

tected in non-diabetic NDPKB-/- retinas compared with

WT controls (p\ 0.05). Similar to the up-regulated Ang2

content, the increased protein GlcNAcylation in non-

diabetic NDPKB-/- retinas was not further elevated in

diabetic NDPKB-/- retinas. The data reveal that NDPKB

deficiency-induced retinal damage correlates with Ang2

expression and impaired glucose metabolism in the retina.

To investigate whether the alterations in protein

GlcNAcylation occur in EC, we examined the impact of

NDPKB depletion on protein GlcNAcylation in HUVEC.

High glucose induced a significant elevation in protein

GlcNAcylation in HUVEC (p\ 0.05 vs. control). Com-

pared with control cells, an increase in protein GlcNAcy-

lation was detected upon NDPKB knockdown (p\ 0.05).

In accordance with the findings in retina, high glucose did

not induce further increase in protein GlcNAcylation in

NDPKB-depleted EC (Fig. 4). These findings indicate that

the activation of the hexosamine pathway in EC is under

control of NDPKB. Apparently, NDPKB deficiency mim-

ics the impact of hyperglycemic conditions.

Discussion

We demonstrated that NDPKB participates in retinal vas-

cular damage through regulation of glucose metabolism.

Firstly, NDPKB-/- mice showed enhanced protein

GlcNAcylation and Ang2 expression. Secondly, the peri-

cyte coverage of the capillaries was significantly decreased

in NDPKB-/- retinas and, consequently, the formation of

AC was aggravated. Experimental diabetes further en-

hanced these vascular damages in NDPKB-/- mice.

Our study implies a pivotal role of NDPKB for the de-

velopment of retinal vascular damage. The NDPKB

Fig. 3 NDPKB depletion elevates Ang2 expression in Weibel–

Palade bodies. Visualization of NDPKB and Ang2 expression in

NDPKB-depleted endothelial cells stimulated with high glucose by

immunofluorescence staining. n = 3. HG, high glucose; NG, normal

glucose; siNDPKB, NDPKB siRNA; control, control siRNA. Scale

bar 50 lm
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deficiency in the retina mimics aspects of the early

pathology of DR, indicating that NDPKB is crucial for the

maintenance of retinal vascular homeostasis. Originally,

NDPKB was identified as a housekeeping enzyme required

for nucleoside triphosphate homeostasis [23]. It is mean-

while evident that the enzyme has a variety of additional

functions based on its high potential to be part of large

protein complexes and thereby specifically regulate cellular

functions [24]. NDPKB therefore has multiple roles such as

acting as protein histidine kinase, DNA nuclease, gene

transcription regulator and G protein activator [23, 25–28].

Some studies have proved that NDPKB exerts specific

functions in various physiological and pathological condi-

tions in the vasculature [29–34]. NDPKB plays a role in

microangiopathy, such as DR, and controls angiogenesis

and vascular permeability [12]. Furthermore, Rayner and

colleagues demonstrated that NDPKB facilitates the vaso-

protective effects of estrogen [29, 30]. The data we report

herein from NDPKB-/- mice, both in non-diabetic and in

diabetic conditions, fully support the vasoprotective prop-

erties of NDPKB.

Our study clearly showed that the retinal vascular dam-

age caused by NDPKB depletion is linked to up-regulation

of Ang2 in the retina and EC. It was demonstrated before

that intravitreal injection of recombinant Ang2 in the non-

diabetic adult mouse [16] and constitutive overexpression

of Ang2 in the non-diabetic mOpsinAng2 mouse retina

(overexpression of human Ang2 under the mouse opsin

promoter in the photoreceptor cells) [35] both induced

pericytes loss and mimicked DR. Indeed, the increase in

Ang2 is essential for the pericyte dropout in diabetic retina

[16] and hyperglycemia further enhanced vascular damage

in the mOpsinAng2 mouse [35]. Herein, we observed an up-

regulation of Ang2 in NDPKB-/- retinas and, similar to the

diabetic mOpsinhAng2 retina, an accelerated retinal vas-

cular pathology in hyperglycemia. In accordance with the

data from NDPKB-/- mice, depletion of NDPKB in cul-

tured EC resulted in elevation of Ang2, indicating possible

importance of endothelial NDPKB for the stabilization of

the retinal vasculature. Nevertheless, the overall levels of

Ang2 in the retina are likely more essential for the vascular

damage than the sources of Ang2. Several studies indicate

wherever elevated Ang2 comes from, e.g., photoreceptor

cells (mOpsinhAng2 mouse), EC and Müller cells (DR), it

causes pericyte loss. In line with this interpretation, even

intravitreal injection into the extraretinal space led to peri-

cyte dropout. The house keeping enzyme NDPKB is ex-

pressed predominantly in the ganglion cell layer and inner

nuclear layer of the retina [36], where vascular and glial

cells are located. The up-regulation of Ang2 in the diabetic

retina occurs predominantly in EC and Müller glia cells

[16]. We could not localize the up-regulated Ang2 in

Fig. 4 NDPKB depletion

enhances protein

GlcNAcylation in retinas and

cultured endothelial cells.

Representative immunoblots

and quantification of protein

GlcNAcylation in the diabetic

NDPKB-/- retina (left panel)

and NDPKB-depleted

endothelial cells stimulated with

high glucose (right panel).

n = 4–5. *p\ 0.05;

**p\ 0.01. WT, wild type; KO,

NDPKB-/-; NC, non-diabetic;

DC, diabetic; HG, high glucose;

NG, normal glucose; siNDPKB,

NDPKB siRNA; control,

control siRNA
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NDPKB-/- retina to specific cell types due to the lack of

appropriate Ang2 antibodies for retinal immunohisto-

chemistry. Nevertheless, an up-regulation of Ang2 in

Müller cells and EC in NDPKB-/- retinas is conceivable

due to the general knockout of the gene.

The underlying mechanism for Ang2 up-regulation in

NDPKB deficiency remains elusive. Whether NDPKB has

the ability to regulate gene transcriptional elements through

the NDPKB/PuF binding site as reported by Postel et al.

has been disputed [26, 37, 38]. In addition, the expression

of Ang2 is regulated by other signaling pathways like the

activation of the transcription factors Sp1/Sp3 and FOXO1

[18, 39].

The activation of the hexosamine pathway under high

glucose elevates GlcNAcylation of proteins, leading to

alterations in protein functionality. Yao et al. revealed that

the modification of Sp3 by GlcNAcylation is increased

under high glucose. This alters the DNA partitioning of the

Sp3-mSin3A complex in the Ang2 promoter GC box and

leads to enhanced transcription of Ang2 [18]. In our study,

we detected that the up-regulation of Ang2 by NDPKB

depletion is associated with enhanced protein GlcNAcyla-

tion in mouse retina and cultured EC. These data indicate

that NDPKB might influence Ang2 expression by

regulating glucose metabolism. Based on the potential role

of NDPKB in the synthesis of UTP, NDPKB might be

involved in the regulation of glucose metabolism by con-

trolling UDP-GlcNAc formation. Nevertheless, it is diffi-

cult to understand how the loss of an UTP-producing

enzyme can increase the availability of UDP-GlcNAc. It

should rather cause the opposite. In addition, NDPKB has

been shown to participate specifically in several signaling

pathways. Firstly, NDPKB forms a complex with G protein

bc dimers in which it acts as a protein histidine kinase,

activating G protein via the supply of GTP to the a subunit

[27, 28, 40, 41]. Thus, the cAMP formation through the Gs-

protein cascade was significantly reduced upon NDPKB

depletion. Almost 50 % of the basal cellular cAMP for-

mation depended on NDPKB [27]. Interestingly, the cel-

lular cAMP concentration is reduced in EC cultured in high

glucose [42]. Thus, it might be speculated that the retinal

vascular damage in NDPKB-/- mice might be a result of

impaired cAMP-dependent pathways. Many genes in-

volved in cAMP-dependent pathways such as PKA and

CREB are also GlcNAcylated, and this modification causes

functional alterations [43]. Secondly, our previous data

indicated an interaction between NDPKB, caveolin1 and

heterotrimeric G proteins [27]. Caveolin1 is the main

structural component of caveolae and required for caveolae

formation. Caveolae play fundamental roles in the com-

partmentalization and organization of signaling pathways

and endocytosis. As dysfunction or abnormalities of G

protein activation and caveolae formation have been

implicated in DR [44, 45], alterations in caveolin transport

to the plasma membrane under NDPKB deficiency may

lead to cellular dysfunction. We are presently examining

whether caveolae formation is disordered in NDPKB-

deficient endothelial cells in vivo and in vitro, and the

mechanisms underlying NDPKB-mediated defective

caveolin trafficking and cellular endocytosis. Thirdly,

NDPKB is able to interact with members of Bcl-2 family of

proteins and thereby regulates apoptosis [7], which has

been previously linked to the elimination of vascular cells

in DR [46].

Taking together, our data identify NDPKB as a protec-

tive factor in the endothelium which apparently controls

Ang2 expression and the hexosamine pathway. The precise

mechanisms underlying NDPKB-dependent diabetic retinal

vascular damages remain, however, elusive. Therefore, the

identification of the signaling pathways inducing the up-

regulation of Ang2 by NDPKB depletion is currently

pursued in our laboratory.
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