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Abstract
Aims/hypothesis Bone marrow-derived circulating angiogen-
ic cells (CACs) play an important role in vascular repair. In
diabetes, compromised functioning of the CACs contributes
to the development of diabetic retinopathy; however, the un-
derlying mechanisms are poorly understood. We examined
whether endoplasmic reticulum (ER) stress, which has recent-
ly been linked to endothelial injury, is involved in diabetic
angiogenic dysfunction.
Methods Flow cytometric analysis was used to quantify bone
marrow-derived progenitors (Lin−/c-Kit+/Sca-1+/CD34+) and
blood-derived CACs (Sca-1+/CD34+) in 15-month-old Leprdb

(db/db) mice and in their littermate control (db/+) mice used
as a model of type 2 diabetes. Markers of ER stress in diabetic

(db/db) and non-diabetic (db/+) bone marrow-derived early
outgrowth cells (EOCs) and retinal vascular density were
measured.
Results The numbers of bone-marrow progenitors and CACs
were significantly reduced in db/dbmice. Vascular density was
markedly decreased in the retinas of db/db mice, and this was
accompanied by vascular beading. Microglial activation was
enhanced, as was the production of hypoxia inducible factor-
1α (HIF-1α) and vascular endothelial growth factor (VEGF).
The production of ER stress markers (glucose-regulated
protein-78 [GRP-78], phosphorylated inositol-requiring en-
zyme-1α [p-IRE-1α], phosphorylated eukaryotic translation
initiation factor-2α [p-eIF2α], activating transcription factor-4
[ATF4], C/EBP homologous protein [CHOP] and spliced X-
box binding protein-1 [XBP1s]) was significantly increased in
bone marrow-derived EOCs from db/db mice. In addition,
mouse EOCs cultured in high-glucose conditions demonstrated
higher levels of ER stress, reduced colony formation, impaired
migration and increased apoptosis, all of which were largely
prevented by the chemical chaperone 4-phenylbutyrate.
Conclusions/interpretation Taken together, our results indi-
cate that diabetes increases ER stress in bone marrow angio-
genic progenitor cells. Thus, targeting ER stress may offer a
new approach to improving angiogenic progenitor cell func-
tion and promoting vascular repair in diabetes.

Keywords Diabetic retinopathy . Early outgrowth cells .

Endoplasmic reticulum . Inflammation

Abbreviations
ATF4 Activating transcription factor-4
ΑΤF6 Activating transcription factor-6
BMMNC Bone marrow mononuclear cell

M. Bhatta and J. Hongjie Ma contributed equally to this study.

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-015-3643-3) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.

* Sarah X. Zhang
xzhang38@buffalo.edu

1 Department of Ophthalmology, University at Buffalo, State
University of NewYork, 3435Main Street, Buffalo, NY 14214, USA

2 SUNY Eye Institute, State University of New York, Buffalo, NY,
USA

3 Aier School of Ophthalmology, Central South University,
Changsha, China

4 Department of Biochemistry, University at Buffalo, State University
of New York, Buffalo, NY, USA

5 Departments of Ophthalmology and Biochemistry, University at
Buffalo, State University of New York, 3435 Main Street,
Buffalo, NY 14214, USA

Diabetologia (2015) 58:2181–2190
DOI 10.1007/s00125-015-3643-3

http://dx.doi.org/10.1007/s00125-015-3643-3


CAC Circulating angiogenic cell
CHOP C/EBP homologous protein
DR Diabetic retinopathy
eIF2α Eukaryotic translation initiation factor 2α
EOC Early outgrowth cell
ER Endoplasmic reticulum
FACS Flow cytometry assisted cell sorting
FFA Fundus fluorescein angiography
GCL Ganglion cell layer
GRP78 Glucose-regulated protein 78
HG High glucose
HIF-1α Hypoxia inducible factor-1α
HSC Haematopoietic stem cell
Iba-1 Ionized calcium binding adaptor molecule-1
IRE-1α Inositol-requiring enzyme-1α
JNK c-JUN N-terminal kinase
PBA 4-Phenylbutyrate
PBMNC Peripheral blood mononuclear cell
PERK Protein kinase RNA-like endoplasmic

reticulum kinase
qRT-PCR Quantitative RT-PCR
Sca-1 Stem cell antigen-1
UPR Unfolded protein response
VE-cadherin Vascular endothelial-cadherin
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
XBP1 X-box binding protein 1
XBP1s Spliced XBP1
XBP1u Unspliced XBP1

Introduction

Diabetic retinopathy (DR) is a common microvascular com-
plication of diabetes that affects nearly all patients with type 1
diabetes and more than 60% of those with type 2 diabetes [1].
The rapidly increased prevalence of diabetes further renders
DR a leading cause of blindness worldwide [2]. Retinal vas-
cular degeneration is one of the early pathological hallmarks
of DR, which eventually leads to retinal ischaemia and neo-
vascularisation (NV) impeding vision. Deciphering the mech-
anisms of diabetes-associated vascular degeneration is critical
for understanding the pathogenesis of DR.

Circulating angiogenic cells (CACs) are a specific popula-
tion of progenitor cells derived from bone marrow
haematopoietic stem cells (HSCs) and/or myeloid cells, or
alternatively from the endothelium [3]. These cells exhibit a
high propensity to navigate to sites of injury and integrate into
or provide paracrine support to the damaged vasculature,
thereby promoting vascular repair [4]. In diabetic patients,
the numbers of CACs are reduced and their function is also
impaired [5]. For example, CACs isolated from human pa-
tients with DR do not respond to hypoxia-regulated factors,

such as stromal-derived factor 1 and vascular endothelial
growth factor (VEGF) [6]. This, in turn, halts the recruitment
of CACs into the injured blood vessels, a central event in
vascular repair. Despite multiple contributing factors being
identified in the pathogenesis of diabetes-induced CAC dys-
function [7, 8], we are still far from understanding the molec-
ular pathways that regulate bone marrow angiogenic progen-
itor cells under normal and diabetic conditions.

The endoplasmic reticulum (ER) is the major organelle
responsible for protein folding, lipid biosynthesis and Ca2+

storage. Recent studies have established that the ER also func-
tions as an intracellular signalling platform to regulate cell fate
and activity through the unfolded protein response (UPR) [9].
With ER stress, the UPR is activated by three ER transmem-
brane proteins: protein kinase RNA-like endoplasmic reticu-
lum kinase (PERK), inositol-requiring enzyme-1α (IRE-1α)
and activating transcription factor-6 (ATF6) (which have been
reviewed elsewhere [10, 11]). These UPR branches coordinate
to regulate protein translation and transcription programmes to
restore ER homeostasis [10, 11]. Unresolved ER stress acti-
vates proapoptotic and proinflammatory genes, such as those
encoding C/EBP homologous protein (CHOP) and JNK, con-
tributing to retinal inflammation and vascular dysfunction in
ischaemic retinopathy and DR [12–14]. In endothelial cells,
activation of the UPR plays a critical role in regulating cell
proliferation, apoptosis and angiogenesis [15, 16]. Interesting-
ly, recent work by Li et al has implied ER stress as a key
mediator of homocysteine-induced apoptosis in endothelial
progenitor cells [17]. It is, however, still unknown whether
ER stress contributes to diabetes-related abnormalities in
CACs.

In the present study, we investigated how ER stress is in-
volved in bone marrow-derived angiogenic progenitor dys-
function in experimental type 2 diabetes. We demonstrate,
for the first time, that ER stress is increased in diabetic bone
marrow-derived early outgrowth cells (EOCs) isolated from
15-month-old db/db mice used as a model of type 2 diabetes.
EOCs cultured under high glucose (HG) conditions also pro-
duce higher levels of ER stress markers, and an inhibition of
ER stress significantly mitigates the HG-induced dysfunction
and apoptosis of EOCs. These findings suggest that targeting
ER stress may provide a novel approach to improving angio-
genic progenitor cell function in diabetes.

Methods

Animals The study used 15-month-old Leprdb (db/db) mice
and their littermate control (db/+) mice (Jackson Laboratories,
Bar Harbor, ME, USA). All procedures were undertaken in
strict agreement with the guidelines set out by Institutional
Animal Care and Use Committees at the University at Buffalo,
State University of New York, and with the Statement for the

2182 Diabetologia (2015) 58:2181–2190



Use of Animals in Ophthalmic and Vision Research from the
Association for Research in Vision and Ophthalmology.

Isolation and flow cytometry assisted cell sorting analysis
of peripheral blood and bone marrow mononuclear
cells Peripheral blood samples were collected via left ventric-
ular puncture from deeply anaesthetised animals. Bone mar-
row was obtained by mincing femur and tibia in a sterile
mortar in 5 mmol/l EDTA/PBS solution as previously de-
scribed [18]. Peripheral blood mononuclear cells (PBMNCs)
and bone marrow mononuclear cells (BMMNCs) were sepa-
rated by density gradient centrifugation with Histopaque 1077
(MP Biomedicals, Solon, OH, USA) [18] and stained with the
antibodies provided in the mouse haematopoietic and progen-
itor cell isolation kit (BD Biosciences, San Diego, CA, USA).
This was followed by flow cytometry assisted cell sorting
(FACS) analysis. For details, see electronic supplementary
material [ESM] Methods.

Immunohistochemistry, in vivo retinal imaging and fundal
fluorescein angiography For immunohistochemistry, mouse
eyeballs were fixed in 4% paraformaldehyde to prepare cryo-
sections or retinal whole mounts for immunostaining (ESM
Methods) using the antibodies described in ESM Table 1.
Fundal photography and fundal fluorescein angiography
(FFA) were performed on anaesthetised mice using a
Micron III image system (Phoenix Research Laborato-
ries, San Ramon, CA, USA). See ESM Methods for
details.

Isolation, culture and characterisation of mouse bone
marrow-derived EOCs Mouse EOCs were cultured as pre-
viously described [19]. Briefly, macrophage-depleted
BMMNCs were seeded in fibronectin-coated plates and main-
tained in endothelial cell basal medium-2 supplemented with
5% FBS, VEGF-A, fibroblast growth factor, insulin-like
growth factor-1, epidermal growth factor, ascorbic acid and
antibiotics (Lonza, Walkersville, MD, USA). Non-adherent
cells were removed after 4 days of culture and new medium
was applied. EOCs, recognised as an attached cluster of
spindle-shaped cells [20], were characterised on day 7 by im-
munostaining using primary antibodies against CD34, CD31,
VEGFR2 and VE-cadherin (ESM Table 1). After incubation
with Alexa Flour 488- or 594-conjugated secondary antibod-
ies (Invitrogen, Carlsbad, CA, USA), the cells were visualised
under an Olympus BX53 microscope (Olympus, Tokyo,
Japan).

Analysis of colony-forming capacity of EOCs A total of 4×
106 BMMNCs from db/+ and db/dbmice were seeded in each
well of a six-well plate and cultured for 7 days. EOC colonies
were identified as clusters of spindle-shaped cells. The num-
ber of colonies in nine random microscopic fields were

counted per well. The results from three independent experi-
ments were averaged and presented graphically. To in-
vestigate the effect of HG conditions and chemical
chaperones on EOC colony formation, BMMNCs from
8-week-old C57/BL6 mice were cultured in 25 mmol/l
glucose or mannitol, with or without 50 μmol/l sodium
4-phenylbutyrate (PBA) (Calbiochem, San Diego, CA,
USA) for 7 days. The number of EOC colonies were
quantified as described above.

Analyses of migration and apoptosis of EOCs The migra-
tory function of EOCs was evaluated by a modified Boyden
chamber (Transwell, Coster, Pittston, PA, USA) assay. Apo-
ptosis of EOCs was determined using TUNEL assay with In
Situ Cell Death Detection TMR red kit (Roche Diagnostic,
Indianapolis, IN, USA) as previously described [21]. For de-
tails of the migration and TUNEL assays, see ESM Methods.

Western blot analysis Details are provided in ESMMethods.

Real-time qRT-PCR Total RNA was extracted using Trizol
(Life Technologies, Carlsbad, CA, USA). Real-time qRT-PCR
was performed using the iScript cDNA Synthesis Kit and
SYBR® Green PCR Master Mix (Bio-Rad Laboratories,
Hercules, CA, USA) according to the manufacturer’s proto-
col. See ESM Methods for details.

Statistical analysis Data are expressed as mean ± SD. Statis-
tical analyses were performed using unpaired Student’s t test
for two-group data and one-way ANOVA with Tukey’s post
hoc test for three groups or more. Statistical significance was
accepted as p<0.05.

Results

Significant reduction in bone marrow progenitors and
CACs in diabetic mice ESM Table 2 shows the blood glu-
cose levels and body weights of the 15-month-old db/db and
db/+ mice. BMMNCs were isolated and subjected to FACS
analysis. Bone marrow progenitors were identified as Sca-1+/
c-Kit+/CD34+/Lin− cells (Fig. 1a–d) [22]. Compared with the
non-diabetic controls, db/db mice exhibited a 75% reduction
in the number of bone marrow progenitors (Fig. 1e). In addi-
tion, the total number of BMMNCs was significantly reduced
in db/db mice compared with db/+ mice (data not shown).
These results, consistent with previous studies [23, 24], sug-
gest an impairment of the bone marrow microenvironment in
type 2 diabetes, resulting in decreased numbers of total
BMMNCs and their subpopulations.

We next assessed CACs by subjecting PBMNCs to FACS
analysis. CACs were identified as cells co-expressing Sca-1
and CD34 (Sca-1+/CD34+ cells) [25–27]. In line with the
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decreased number of bone marrow progenitors, db/db mice
demonstrated a 68% reduction in CAC number compared
with age-matched db/+ control animals (Fig. 1f).

Diabetic mice manifest significant retinal vascular
degeneration The degeneration of retinal blood vessels is
one of the salient features of DR [28]. We assessed changes
in the retinal blood vessels using fundal photography and FFA
with a Micron III imaging system. Compared with non-
diabetic db/+ mice (Fig. 2a–d), db/db mice exhibited in-
creased arterial reflection (Fig. 2e, red arrowheads), vascular
beading (Fig. 2f) and a reduced retinal capillary density
(Fig. 2g, h). To further confirm the degenerative changes in
the retinal vasculature, retinal whole mounts were stained with
isolectin B4 and the retinal vascular network was reconstruct-
ed from confocal series scans (Fig. 2i). Quantification of the
results showed significant reductions in the retinal capillary
density (Fig. 2j) and branch-points (Fig. 2k), indicating retinal
vascular degeneration in db/db mice.

Diabetic retinas are characterised by an inflammatory and
ischaemic milieu Microglial activation has been associated
with diabetic retinal changes in humans [29] as well as rodents
[30]. Activated microglia produce proinflammatory cytokines
(e.g. VEGF and TNF-α) in early DR, promoting damage to
the retinal neurons and vasculature [31]. To assess microglial
activation, retinal flat mounts from db/db mice were co-
labelled with isolectin B4 and Iba-1 [32] (ESM Fig. 1a). There
was an 88% increase in the number of isolectin-positive mi-
croglia (ESM Fig. 1a, arrowheads) in the db/db retinas (ESM
Fig. 1b). Furthermore, in db/db mice, an increased number of
Iba-1-positive cells showed morphological changes character-
istic of activated microglia, such as an enlarged soma and
regional thickening and shortening of the processes, while
the majority of microglia from the db + retinas displayed a
resting phenotype with small perikarya and long, thin
branched processes (ESM Fig. 1c).

VEGF is a growth factor released from ischaemic
tissue, and hypoxia inducible factor-1α (HIF-1α) is a
critical transcription factor that induces VEGF during
hypoxia and diabetes [33]. VEGF has been shown to
recruit CACs to hypoxic tissues [34]. We examined
the production of HIF-1α and VEGF in the retinas of
db/db mice and, as expected, the levels of both HIF-1α
(ESM Fig. 1d) and VEGF (ESM Fig. 1e) were aug-
mented in db/db retinas. Increased immunoreactivity
for HIF-1α and VEGF was found predominantly in
the inner retina of db/db mice, although enhanced
VEGF immunoreactivity was also seen in the outer seg-
ments of the photoreceptors (ESM Fig. 1e). Markedly
increased HIF-1α and VEGF production indicates the
presence of tissue ischaemia in the inner retina of db/
db mice.

We have previously shown that increased ER stress con-
tributes to the upregulation of HIF-1α and VEGF in diabetic
retinas [13, 14]. Here, we examined ER stress markers in the
retina of db/db and db/+ mice. The results showed that the

db/+ db/db

Gated on Lin- Gated on Lin-

Gated on Lin-/Sca-1+/c-Kit+Gated on Lin-/Sca-1+/c-Kit+

Sca-1+/c-Kit+

250K

200K

150K

100K

50K

0
50K 100K 200K150K 250K0

250K

200K

150K

100K

50K

0
50K 100K 200K150K 250K0

Lin-

50K 100K 200K150K 250K0

Lin-

50K 100K 200K150K 250K0

105

104

103

102

0

105

105

104

104

103

103

102

102

0

105

104

103

102

0

105

104

103

102

0

0 1051041031020

105

104

103

102

0

105

104

103

102

0

Sca-1+/c-Kit+

CD34+

50K 100K 200K150K 250K0

CD34+

50K 100K 200K150K 250K0

FSC area

FSC area

c-Kit–PE

FSC area

C
D

34
–F

IT
C

Sc
a-

1–
PE

–C
y7

L
in

–A
PC

SS
C

 a
re

a

a

b

c

d

e

0

0.05

0.10

0.15

0.20

db/+ db/db

**

0

1

2

3

4

db/+ db/db

*

L
in

- /c
-K

it+
/S

ca
-1

+
/C

D
34

+

ce
ll

s 
(%

) 
pe

r 
10

6  
B

M
M

N
C

s

C
D

34
+
/S

ca
-1

+
 c

el
ls

(%
) 

pe
r 

10
6  

PB
M

N
C

s

f

Fig. 1 Decreased numbers of bone marrow progenitors and CACs in db/
db mice. (a–d) The gating strategy used to analyse the populations of
BMMNCs by FACS analysis. (e) Frequencies of bone marrow progeni-
tors (Lin−/c-Kit+/Sca-1+/CD34+ cells per 106 BMMNCs [%]). (f) Fre-
quencies of CACs (Sca-1+/CD34+ cells per 106 PBMNCs [%]). Data
represent the mean ± SD of three experimental replicates using six mice
per group. *p<0.05, **p<0.01, Student’s t test. APC, allophycocyanin;
Cy7, cyanine 7; FSC, forward scatter; PE, phycoerythrin; SSC, side
scatter
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production of glucose-regulated protein-78 (GRP78) was in-
creased in db/db retinas (ESM Fig. 2a), especially in the gan-
glion cell layer (GCL) (ESM Fig. 2b) and inner segments of
photoreceptors (ESM Fig. 2c). Consistent with this, the levels
of p-IRE-1α (ESM Fig. 2d and 2e), p-PERK (ESM Fig. 2f)
and activating transcription factor-4 (ATF4; ESM Fig. 2g)
were increased in db/db retinas compared with db/+ retinas.
These results confirm that ER stress is increased in the retinas
of db/db mice.

Impaired colony-forming capability of diabetic bone
marrow-derived EOCs To determine whether angiogenic
progenitor cells are functionally abnormal in long-term diabe-
tes, we assessed the colony-forming capacity of bone marrow-
derived EOCs from db/db mice. We first characterised the
EOCs by immunostaining using a stem cell marker (CD34)
and endothelial cell markers (CD31, VEGFR2 and VE-
cadherin). At day 7, more than 90% of the cells showed dual
staining with CD34 and CD31 (Fig. 3a). Moreover, VEGFR2
and VE-cadherin were also strongly expressed in EOCs
(Fig. 3b, c), suggesting that these cells possessed the charac-
teristics of angiogenic progenitor cells. The total numbers of
colonies were quantified on day 7. As shown in Fig. 3d, e,
db/db EOCs displayed a significantly decreased colony-

forming capacity compared to those from the db/+ controls.
These results suggest that the EOCs derived from long-term
diabetic mice are dysfunctional.

Enhanced ER stress in diabetic bone marrow-derived
EOCs ER stress has been reported to adversely affect the
function of human CACs and predispose them to apoptosis
[17]. Here, we examined ER stress markers by immunoblot-
ting and real-time qRT-PCR in EOCs isolated from db/db and
control mice. As shown in Fig. 4a–g, the levels of ER chap-
erones (GRP78 and p58IPK), p-IRE-1α and X-box binding
protein-1 (XBP1) were significantly increased in diabetic
EOCs. Moreover, a significant increase was observed in the
production of p-eIF2α, ATF4 and CHOP, suggesting a possi-
ble initiation of proapoptotic signalling. Consistent with the
changes in protein levels, the gene expression of spliced Xbp1
(Xbp1s), total Xbp1 and Chop was also elevated in diabetic
EOCs (Fig. 4h–j). No significant difference was observed in
the levels of ATF6 and p-JNK. Collectively, these results re-
veal, for the first time, enhanced ER stress in bone marrow-
derived EOCs in diabetes.

HG conditions induce ER stress and apoptosis in bone
marrow-derived EOCs It has previously been reported that
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EOCs cultured under HG conditions display reduced colony
formation, decreased proliferation and impaired migration
[35]. To determine whether ER stress is involved in HG-
induced EOC dysfunction, we examined ER stress markers
in EOCs cultured in HG for 7 days. The apoptotic mediator
cleaved caspase-3 was also measured to determine its correla-
tion with apoptosis. Our results show that the protein levels of
ATF6, spliced XBP1 (XBP1s), ATF4 and CHOP significantly
increased in HG-treated, but not in mannitol-treated (osmotic
control), EOCs (Fig. 5a, c–f), suggesting that HG enhances
ER stress and activates all three branches of the UPR. Inter-
estingly, HG-treated EOCs demonstrated a modest reduction
in GRP78 (Fig. 5b). Similarly, higher levels of p-eIF2a, which
regulates protein translation, were observed in diabetic but not
HG-treated EOCs. Coincident with enhanced ER stress, the
level of cleaved caspase-3 was significantly increased after
HG treatment (Fig. 5g), indicating activation of caspase-3
and apoptosis.

Inhibition of ER stress alleviates HG-induced EOC dys-
function and apoptosis To further determine the role of ER
stress in HG-induced dysfunction and apoptosis in EOCs, the
EOCs were incubated with HG for 7 days in the presence or
absence of PBA, a chemical chaperone widely used to facili-
tate protein folding and inhibit ER stress [14]. As expected,
PBA treatment almost completely blunted the HG-induced
increase of XBP1s, significantly reduced CHOP production
and attenuated caspase-3 activation, indicating a reduction of
ER stress (Fig. 6a–e). Interestingly, PBA increased the level of
p-eIF2α in HG-treated cells, but had no effect on GRP78
production. In agreement with previous findings [35], HG
treatment significantly reduced the colony-forming capacity
of the EOCs, but this occurred to a much lesser extent in the
PBA-treated cells (Fig. 6f, g). Moreover, HG-treated EOCs
failed to migrate in response to the chemoattractant VEGF,

and this was largely restored by PBA treatment (Fig. 6h, i).
Furthermore, consistent with the reduction in caspase-3 acti-
vation, PBAmarkedly alleviated the HG-induced apoptosis of
EOCs (Fig. 6j, k). These results suggest that ER stress plays a
critical role in HG-induced cell death and the dysfunction of
bone marrow-derived angiogenic progenitors.

Discussion

Over the past decade, the role of bone marrow-derived pro-
genitors and CACs in the maintenance of retinal blood vessels
in physiological and diseased conditions has attracted signif-
icant attention [18, 36]. Studies have shown that dysfunction
and/or dysregulation of these cells contributes to diabetic mi-
crovascular complications [25, 36, 37]. A decreased frequen-
cy of CACs has been observed in 2–4-month-old type 1 and
type 2 diabetic mice [25, 38] as well as in 6–12-month-old
type 1 diabetic mice [24]. In the present study, we have report-
ed that the number of bone marrow progenitors and CACs is
reduced in 15-month-old db/dbmice. These changes correlate
with enhanced vascular degeneration as well as greater levels
of ER stress in bone marrow-derived EOCs in diabetic mice.
Moreover, EOCs cultured under HG conditions exhibited in-
creased ER stress, dysfunction and apoptosis, all of which
were ameliorated by chemical chaperone treatment to reduce
ER stress. These findings therefore collectively suggest an
important role of ER stress in the pathogenesis of the reduc-
tion and functional disturbance of angiogenic progenitor cells
that is seen in diabetes.

Mounting evidence demonstrates that diabetic CACs are
dysfunctional in vascular repair [24, 25, 37]. Healthy human
CD34+ cells promote the revascularisation of skin wounds
[39] and accelerate the restoration of blood flow in type 1
diabetic mice [40]. In contrast, CD34+ cells from diabetic

GRP78

ATF6

XBP1s

ATF4

β-Actin

c-casp-3

Mann HGCon

CHOP

p-eIF2α

50

50

40

30

40

20

50

80
kDa

0

1

2

3

4

Con Mann HG

Con Mann HG

Con Mann HG

X
B

P
1s

/β
-a

ct
in

(f
ol

d 
of

 c
on

tr
ol

)

0

0.5

1.0

1.5

2.0

Con Mann HG

A
T

F6
/β

-a
ct

in
(f

ol
d 

of
 c

on
tr

ol
) 

0

0.5

1.0

1.5

Con Mann HG

Con Mann HG

G
R

P
78

/β
-a

ct
in

(f
ol

d 
of

 c
on

tr
ol

)

*

* *

0

2

4

6

C
H

O
P

/β
-a

ct
in

(f
ol

d 
of

 c
on

tr
ol

)

0

1

2

3

c-
ca

sp
-3

/β
-a

ct
in

(f
ol

d 
of

 c
on

tr
ol

)

0

0.5

1.0

1.5

A
T

F4
/β

-a
ct

in
(f

ol
d 

of
 c

on
tr

ol
)

**
**

*

a d

g

c

fe

b

Fig. 5 Induction by HG conditions of ER stress and apoptosis in bone
marrow-derived EOCs. BMMNCs from 8-week-old C57/BL6J mice
were differentiated into EOCs by culturing for 7 days. For the entire
duration of the culture, these were treated with 5 mmol/l glucose (Con),
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tometry. Results represent the mean ± SD of three independent experi-
ments. *p<0.05, **p<0.01 vs mannitol, one-way ANOVAwith Tukey’s
post hoc test
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patients show impaired chemotactic and proangiogenic activ-
ity [37], defective adhesion, decreased proliferation and aber-
rant tubule formation [5]. Similarly, bone marrow-derived
EOCs from 10–14-week-old db/db mice are less effective in
promoting wound closure in diabetic mice [25]. The results of
our study confirm that the numbers of circulating CACs and
bone marrow progenitors are significantly reduced in long-
term experimental type 2 diabetes. The lack of CACs results
in an insufficient source of angiogenic cells to repair any dam-
aged blood vessels. This may partly explain the persistence of
vascular degeneration in diabetic retinas, despite the presence
of severe ischaemia and high levels of chemoattractant factors
such as VEGF. Furthermore, in line with previous reports
[35], our results show that bone marrow-derived EOCs cul-
tured under HG conditions and EOCs isolated from db/db
mice exhibit significantly reduced colony-forming capacity.
Moreover, HG-treated EOCs do not respond to VEGF in the

migration assay. These results suggest that the functional ab-
errancy of EOCs also contributes to the failure of vascular
repair during diabetes and the development of vascular
degeneration.

Increased ER stress and activation of the UPR have been
demonstrated in diabetic rodent retinas and are causally linked
to inflammation and vascular leakage [12–15]. Enhanced ER
stress has also been observed in retinal tissue from type 2
diabetic patients with non-proliferative retinopathy, suggest-
ing a potential role of ER stress in the early development of
DR [41]. In the present study, we observed increased ER stress
coincident with significantly enhanced microglial activation
and vascular degeneration in the retina of 15-month-old db/
db mice. Considered to be resident macrophages, microglia
play an important role in vascular development and remodel-
ling in the central nervous system [42]. In diabetic retinas,
dysregulated microglia promote cytokine production, leading
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alleviates HG-induced
dysfunctionality and apoptosis in
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to chronic inflammation and neurovascular degeneration [43].
In addition, long-term diabetes alters the bone marrow micro-
environment, which skews haematopoiesis towards generat-
ing more inflammatory monocytes while reducing the number
of circulating progenitors [24]. Whether and how increased
ER stress and microglial activation in the diabetic retina have
an adverse impact on CAC function in vascular repair remains
elusive.

Compelling evidence suggests that multiple aetiological
factors, including increased oxidative stress, NADPH oxidase
activation and an altered nitric oxide pathway, contribute to
the defective function of CACs in diabetes [25, 44, 45]. Inter-
estingly, a recent study by Li and associates demonstrated that
homocysteine, a risk factor for atherosclerosis, induces the
apoptosis of human CACs through an induction of ER stress
and CHOP-mediated caspase-3 activation [17]. Our present
study represents the first investigation of a role for ER stress
in the dysfunction of angiogenic progenitors in diabetes. Our
results show that bone marrow-derived EOCs isolated from
db/dbmice or cultured under extended HG conditions exhibit
significantly increased ER stress. An interesting finding is the
discrepancy in GRP78 levels, which are increased in diabetic
EOCs but slightly reduced in HG-treated EOCs. The mecha-
nism underlying this difference is unclear, but it may be at-
tributed to factors related to the complexity of the in vivo
situation in contrast to the relatively simplified in vitro condi-
tion. Nevertheless, previous work has implicated GRP78 as a
key regulator of stem cell survival. For example, the depletion
of GRP78 in intestinal stem cells results in a loss of stemness
due to increased PERK–eIF2α UPR [46], while an acute ab-
lation of GRP78 causes a significant reduction in the number
of HSCs, and the conditional knockout of GRP78 leads to a
constitutive activation of all major UPR pathways and apo-
ptosis in HSCs [47]. Thus, alterations in GRP78 in diabetic
and HG-treated EOCs suggest a potential role of this protein
in diabetic angiogenic dysfunction, which will be of great
interest for future study.

More recently, the pioneering work by van Galen et al has
revealed an essential role for the UPR in maintaining the cel-
lular integrity of haematopoietic stem and progenitor cells
[48]. A gene expression analysis of lineage-depleted human
cord blood cells has shown that the mRNA levels of ATF4,
CHOP, PERK and unspliced XBP1 (XBP1u) are upregulated
in HSCs but not in downstream progenitors [48]. Furthermore,
activation of the PERK–eIF2α–ATF4–CHOP–GADD34
(growth arrest and DNA damage-inducible protein) pathway
predisposes HSCs to apoptosis, whereas enhancing GRP78
activity improves repopulation and functioning of the HSCs.
In our study, we found that diabetic and HG-treated EOCs
produced higher levels of UPR factors in the IRE-1α–XBP1
and p-eIF2α–ATF4 pathways. Importantly, the production of
CHOP, a major mediator of ER stress-related apoptosis, was
significantly increased, as was caspase-3 activation,

suggesting a role of ER stress in diabetes-triggered apoptosis
in EOCs.More importantly, our results show that the chemical
chaperone PBA inhibits ER stress, which successfully miti-
gates HG-induced EOC dysfunction and prevents apoptosis.
These findings not only elucidate for the first time a crucial
role of ER stress in mediating diabetic EOC damage, but also
provide a rationale for developing a novel approach to
protecting angiogenic progenitors in diabetes by targeting
ER stress. Future work will delineate how the UPR pathways
are implicated in the diabetes-related dysfunction of CACs
and bone marrow progenitors and vascular degeneration.
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