
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/49850863

Vasculopathy in type 2 diabetes mellitus: Role of specific angiogenic

modulators

Article  in  Journal of Physiology and Biochemistry · February 2011

DOI: 10.1007/s13105-011-0080-8 · Source: PubMed

CITATIONS

29
READS

162

4 authors, including:

Enas Hamed

Assiut University

47 PUBLICATIONS   1,270 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Enas Hamed on 02 January 2016.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/49850863_Vasculopathy_in_type_2_diabetes_mellitus_Role_of_specific_angiogenic_modulators?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/49850863_Vasculopathy_in_type_2_diabetes_mellitus_Role_of_specific_angiogenic_modulators?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Enas-Hamed?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Enas-Hamed?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Assiut_University?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Enas-Hamed?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Enas-Hamed?enrichId=rgreq-b8e62dc35b50b288b48d08351b124955-XXX&enrichSource=Y292ZXJQYWdlOzQ5ODUwODYzO0FTOjMxMzM2OTg5NzE3NzA4OEAxNDUxNzI0NjEzMDI4&el=1_x_10&_esc=publicationCoverPdf


1 23

Journal of Physiology and
Biochemistry
Official Journal of the University of
Navarra, Spain
 
ISSN 1138-7548
Volume 67
Number 3
 
J Physiol Biochem (2011) 67:339-349
DOI 10.1007/s13105-011-0080-8

Vasculopathy in type 2 diabetes mellitus:
role of specific angiogenic modulators

Enas A. Hamed, Madeha M. Zakary,
Reffat M. Abdelal & Effat M. Abdel
Moneim



1 23

Your article is protected by copyright and

all rights are held exclusively by University

of Navarra. This e-offprint is for personal

use only and shall not be self-archived in

electronic repositories. If you wish to self-

archive your work, please use the accepted

author’s version for posting to your own

website or your institution’s repository. You

may further deposit the accepted author’s

version on a funder’s repository at a funder’s

request, provided it is not made publicly

available until 12 months after publication.



ORIGINAL PAPER

Vasculopathy in type 2 diabetes mellitus: role of specific
angiogenic modulators

Enas A. Hamed & Madeha M. Zakary &

Reffat M. Abdelal & Effat M. Abdel Moneim

Received: 21 September 2010 /Accepted: 4 February 2011 /Published online: 19 February 2011
# University of Navarra 2011

Abstract Type 2 diabetes mellitus (T2DM) is largely
defined by hyperglycemia that promotes vascular
complications. Abnormal angiogenesis has been
claimed to have a role in this disease. This study
aimed to investigate serum levels of both convention-
al and other markers of angiogenesis not well studied
before in diabetes, and to correlate findings with
age of the patients, glycemic control, presence of
microvascular complications, and oxidative stress.
Thirty-eight patients with T2DM and 13 age- and
sex-matched healthy persons representing controls
were recruited. Serum levels of basic fibroblast
growth factor (b-FGF) was measured by immunosor-
bent assay kit; advanced glycosylation end products,
platelet-derived endothelial cell growth factor (PD-
ECGF), cathepsin-D (CD), gangliosides, hyaluronic
acid (HA), nitric oxide (NO), lipid peroxides (LPER),
superoxide dismutase, and total thiols by chemical
methods; and copper (Cu) by atomic absorption flame

photometry. Advanced glycosylation end products
and angiogenic factors (b-FGF, PD-ECGF, CD,
gangliosides, HA, and Cu) were significantly higher
in patients than controls. Oxidative stress markers,
NO, and LPER were significantly higher while total
thiols were significantly lower in patients than
controls. These changes were more pronounced with
age, poor glycemic control, and presence of micro-
vascular complications. Angiogenesis dysfunction
coinciding with elevated levels of many angiogenic
growth factors may point to their malfunctioning due
to oxidative stress and/or protein glycation at the
factor and the receptor levels. This necessitates further
investigations.

Keywords Advanced glycosylation end products .

Angiogenesis . Basic fibroblast growth factor .

Oxidative stress . Type 2 diabetes mellitus

Introduction

Type 2 diabetes mellitus (T2DM) is characterized by
and responsible for alterations in micro- and macro-
vascular beds. This implicates impaired angiogenic
mechanisms and vascular homeostasis. Microvascular
complications include retinopathy, nephropathy, and
neuropathy. Macrovascular complications comprise
peripheral vascular diseases and cardiovascular com-
plications, such as ischemic heart disease and hyper-
tension [20]. In order for the complex angiogenic
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process to function, a huge number of anti- and
proangiogenic matrix and soluble factors must act in a
coordinate and synergistic manner to assemble func-
tional blood vessels [12]. However, angiogenic
defects in diabetic patients are still not completely
clarified.

Diabetic hyperglycemia results in an increase in
free-radical production by a mechanism involving
glucose oxidation followed by non-enzymatic protein
glycation and oxidative degeneration. Glycation
involves the condensation of glucose with the ε-
amino group of lysine, the α-amino group of an N
terminal amino acid, or the amines of nucleic acids.
The first reaction is the formation of an unstable
Schiff base, which reaches a steady state within hours
and is reversible. Rearrangement of the Schiff base
into an Amadori product reaches a steady state in
approximately 28 days and is also reversible. When
molecules have slow turnover rates, these Amadori
products undergo multiple dehydration reactions and
rearrangements to irreversibly form advanced glyca-
tion end products (AGEs) [9]. The latter is believed to
be involved in the genesis of many of the irreversible
complications of diabetes, including expanded extra-
cellular matrix (ECM), cellular hypertrophy, hyper-
plasia, and vascular complications [1].

Basic fibroblast growth factor (b-FGF) is a
multifunctional single-chain polypeptide (146 amino
acids) with angiogenic, antiapoptotic, and mitogenic
effects on various kinds of cells [54]. Platelet-derived
endothelial cell growth factor (PD-ECGF)/thymidine
phosphorylase (TP) is a classical growth factor with
angiogenic, endothelial cell chemotactic, hypoxia-
induced antiapoptotic, and antiproliferative activities
in vascular smooth muscle cells. TP releases 2-deoxy-
D-ribose-1-phosphate (2-dR-1-P) from thymidine
[13]. dR and 2-dR-1-P are highly reactive and
involved in non-enzymatic glycosylation of proteins
due to their reducing nature. Deoxyribose released by
TP was associated with induction of reactive oxygen
species (ROS). However, ribose and deoxyribose are
highly angiogenic [8]. The role of this factor is not
well studied in T2DM.

Cathepsins are papain-like cysteine endopeptidases.
Cathepsin-D (CD) plays an important role in protein
degradation, generation of bio-active proteins, regulat-
ing cell growth, and tissue homeostasis. Several reports
have indicated that CD stimulates cell proliferation and
tumor angiogenesis [6]. Gangliosides are sialylated

glycosphingolipids abundant in neuronal membranes
within the central nervous system. They have been
implicated in cell–cell recognition, transmembrane
signaling and adhesion, and in modulation of cell
proliferation and differentiation induced by polypeptide
growth factors [29]. Copper (Cu) is cytoprotectant by
activating oxygen transport and cellular energy pro-
duction, immune function, wound healing, and anti-
oxidation. Moreover, Cu is angiogenic through
activating several proangiogenic factors, e.g., vascular
endothelial growth factor (VEGF), b-FGF, tumor
necrosis factor alpha (TNF-α), and angiogenin [23].
Hyaluronic acid (HA) is a naturally occurring non-
sulfated glycosaminoglycan component of extracellular
matrix. In vivo and in vitro studies indicated that
native, long-chain HA at physiologic concentrations
has anti-inflammatory, anti-angiogenic, and antiproli-
ferative properties. The later is through HA interactions
with cellular CD44 receptors. Differently, HA frag-
ment, particularly oligomers, are angiogenic, although
these effects are often influenced by concomitant
signaling by other growth factors [32]. The serum
levels of CD activity, gangliosides, Cu, and HA need
to be further studied in T2DM.

Oxidative stress has been implicated in both
microvascular and macrovascular diseases. Hypergly-
cemia promotes formation of ROS, which can interact
with both deoxyribonucleic acid (DNA) and proteins,
causing damage. Mitochondrial DNA may be an
especially relevant target. Interestingly, ROS-mediated
cellular damage may be in the form of pathologic
“memory” in the microvasculature that persists even
after glucose normalization, as suggested in human
retinal vasculature. T2DM is associated with oxidative
stress due to the imbalance between the normal levels
of pro- and antioxidative agents. Oxidative stress may
link hyperglycemia with other pathways implicated in
diabetic vascular complications, including AGEs for-
mation, protein kinase C (PKC) activation, increased
polyol flux, and hexosamine formation [9].

Despite the increasing awareness of diabetes-
associated angiogenic disorders, the molecules’ an-
giogenic abnormalities need further studies. The
present study was conducted to determine the serum
levels of angiogenic factors either previously well
evaluated in T2DM patients as b-FGF together with
angiogenic factors needing further evaluation in these
patients as PD-ECGF, CD, gangliosides, HA, and Cu.
The status of oxidative stress in the form of AGEs,
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nitric oxide (NO), and lipid peroxides (LPER) as well
as the antioxidants as superoxide dismutase (SOD)
and total thiols would be evaluated. The levels of
these factors would be correlated with indices of
glycemic control, age of the patients, and presence
of microvascular complications that reflect abnormal
angiogenesis.

Patients and methods

Patient’s characteristics and protocol

Informed consented 38 patients with T2DM [29
(76.30%) males and nine (23.70%) females] with
mean ± standard deviation (SD) of age 47.53±
8.55 years were recruited voluntarily from those
regularly visiting the Diabetes Outpatient Clinic,
Assiut University Hospital, Assiut, Egypt, during
March 2008 to December 2009 period. All patients
were on diet control and/or antidiabetic medications
[including oral agents (gliclazide and/or metformin)
and/or insulin] at baseline. Informed consented 13
apparently healthy control volunteers [nine males
(69.20%) and four (30.80%) females] with mean ±
SD of age 49.62±10.70 years recruited among
patients’ relatives or neighbors.

Each participant was subjected to detailed history
taking, thorough clinical examination, and routine
laboratory investigations, e.g., random blood sugar, %
glycosylated hemoglobin (HbA1c), complete blood
counts, kidney and liver function tests, and fasting
lipograms. Radiological examination was also done
when indicated. Among diabetic patients recruited, 24
(63.20%) patients had microvascular complications in
the form of retinopathy (n=4, 10.50%), nephropathy
(n=5, 13.20%), neuropathy (n=10, 26.30%), and
combined complications (n=5, 13.20%) [n=1,
2.60% retinopathy and nephropathy; n=3, 7.90%
retinopathy and neuropathy; n=1, 2.60% nephropathy
and neuropathy].

Diabetic retinopathy was diagnosed by fundo-
scopic examination, neuropathy by clinical history
and neurological examinations and nephropathy by
determination of 24 h urine albumin >30 mg/day. For
comparison, the patients were subdivided into two
groups according to their age (<50 and ≥50 years),
multiple readings of random blood glucose levels
(<140 and ≥140 mg/dl), and presence or absence of

microvascular complications. The patient exclusion
criteria were severe neurological diseases and neu-
ropathy due to causes other than diabetes, symptoms,
or sequel of cerebral vascular diseases, peripheral
vascular diseases, presence of autoimmune diseases
and/or organ-specific autoantibodies, renal insuffi-
ciency, congestive heart failure, chronic treatment
with analgesics, and/or steroidal and non-steroidal
anti-inflammatory drugs for conditions other than
neuropathy and/or treatment with antioxidants. The
research had been carried out in accordance with the
Declaration of Helsinki of the World Medical Asso-
ciation, and had been approved by Ethics Committee
of Faculty of Medicine, Assiut University, Egypt.

Laboratory assays

Venous blood samples (10 ml) were collected by
venipuncture between 8 and 10 a.m. after an overnight
fasting, allowed to clot and centrifuged at 3,000 rpm
for 5 min. Serum was recovered and aliquot stored at
−70°C until analysis. AGEs level was determined
chemically by using 2,4-dinitrophenyl hydrazine as a
reagent [5]. Level of b-FGF was determined using
ELISA assay (R&D Systems, Minneapolis, MN,
USA). Levels of PD-ECGF were determined chemi-
cally as described by Scocca [38] as 1 nmol/ml/h. The
proteolytic activity of CD was assayed as described by
Barrett [4] using acid denatured hemoglobin as
substrate. Gangliosides were determined chemically
as described previously [33]. Cu was determined by
atomic absorption flame photometry (Schimadzu
Seisakusho LTD, model AA-630-02, Japan). HA
concentration was determined as described by Greiling
[19] using HA lyase and Morgan-Elson reaction to
colorimetrically detect the liberated N-acetyl glucos-
amine. NO was determined colorimetric as total
nitrite + nitrate [43]. LPER was determined as
malondialdehyde according to the colorimetric method
described by Grau et al. [18]. SOD was determined
according to colorimetric method of Misra and
Fridovich [27]. Total thiols were determined by
colorimetric method of Ellman [15].

Statistical analysis

Statistical Package for the Social Science (SPSS,
Chicago, IL, USA) version 12 was used for data
analysis. Data were presented as mean (SD), or number
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(%) as appropriate. For comparison of two independent
variables, student “t test” for normally distributed data
and “Mann–Whitney test” for kurtotic and skewed data
were used for data analysis. Comparisons of multiple
groups were done using “one-way ANOVA test” for
parametric variable. Pearson’s correlation test was used
for correlating parametric variable. For all tests, a
probability (P) <0.05 was considered significant.

Results

Table 1 shows the serum levels of the bioindices
studied in diabetic patients compared with healthy
controls. Serum levels of glucose, HbA1c, AGEs, b-
FGF, PD-ECGF, HA, and LPER were significantly
higher, while total thiols were significantly lower in
diabetic patients than controls.

Serum levels of glucose, HbA1c, AGEs, b-FGF,
PD-ECGF, CD, gangliosides, Cu, HA, NO, and LPER
were significantly higher, while SOD and total thiols
were significantly lower in both age-dependent sub-
groups of diabetic patients (<50 years and ≥50 years)

than controls. In patients ≥50 years old, serum levels
of glucose, HbA1c, AGEs, PD-ECGF, CD, ganglio-
sides, Cu, and HA were significantly higher than
patients <50 years old. Serum levels of b-FGF, PD-
ECGF, Cu, and LPER were significantly higher while
SOD and total thiols were significantly lower in both
blood glucose-dependent subgroups of diabetic
patients (<140 mg/dl and ≥140 mg/dl) than controls.
In patients with blood glucose (≥140 mg/dl), serum
levels of glucose, HbA1c, AGEs, b-FGF, PD-ECGF,
Cu, and LPER were significantly higher; while SOD
and total thiols were significantly lower than in
patients with blood glucose (<140 mg/dl). In diabetic
patients with and without microvascular complica-
tions, serum levels of glucose, HbA1c, AGEs, b-FGF,
PD-ECGF, Cu, HA, and LPER were significantly
higher while SOD and total thiols were significantly
lower than controls. Also, serum levels of CD,
gangliosides, and NO were significantly higher in
patients with microvascular complications than con-
trols. Serum levels of glucose, HbA1c, AGEs, b-FGF,
PD-ECGF, CD, gangliosides, Cu, HA, NO, and LPER
were significantly higher, while SOD and total thiols
were significantly lower in patients with microvascu-
lar complications than those without microvascular
complications (Table 2).

In diabetics, SOD and total thiols were significant-
ly negatively correlated with the other parameters
investigated (glucose, HbA1c, AGEs, b-FGF, PD-
ECGF, CD, gangliosides, Cu, HA, NO, and LPER).
Meanwhile, there were significant positive correla-
tions among the angiogenic and oxidative stress
indices (glucose and HbA1c, AGEs, b-FGF, PD-
ECGF, CD, Cu, gangliosides, HA, NO, and LPER;
Table 3).

Discussion

Angiogenesis is a pathophysiological process involv-
ing formation of blood vessels from preexisting
vessels. It is essential for ontogenic growth and
physiological tissue remodeling or repair, but its
dysfunctioning underlies a wide range of pathogene-
sis [52]. Many patients who have T2DM develop
vascular complications despite a variety of available
antidiabetic medications and improved methods of
assessing disease progression. In this study, 63.20%
of diabetic patients showed microvascular complica-

Table 1 Diabetic control and angiogenic and oxidative stress
indices investigated in type 2 diabetes mellitus patients and
healthy control subjects

Indices Patients
(n=38)

Controls
(n=13)

P
value

Glucose (mg/dl) 225.61±67.7 104.85±13.8 0.0001

HbA1c (%) 7.13±0.95 5.41±0.31 0.0001

AGEs (nmol/l) 139.69±57.26 60.12±4.93 0.0001

b-FGF (pg/ml) 578.58±163.95 111.95±29.84 0.0001

PD-ECGF (nmol/ml) 188.08±149.45 15.12±3.24 0.002

Cathepsin-D (nmol/l) 17.25±12.27 5.86±1.33 0.072

Gangliosides (mg/dl) 30.17±22.11 9.42±2.49 0.067

Copper (μg/dl) 189.7±31.48 115.15±24.98 0.762

Hyaluronic
acid (μg/l)

75.48±51.98 21.84±5.22 0.042

NO (μmol/l) 11.34±6.59 4.53±0.89 0.131

LPER (μmol/l) 6.20±2.14 1.2±0.52 0.0001

SOD (unit/ml) 1.57±0.85 4.52±1.18 0.080

Total thiols (mmol/l) 2.53±1.27 8.11±1.75 0.045

Data are presented as the mean +/- SD; P, versus controls

HbA1c glycosylated hemoglobin, AGES advanced glycation
end products, b-FGF basic fibroblast growth factor, PD-ECGF
platelet-derived endothelial cell growth factor, NO nitric oxide,
LPER lipid peroxides, SOD superoxide dismutase
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tions, 10.50% had retinopathy, 13.20% had nephrop-
athy, 26.30% had neuropathy, and 13.20% had
combined complications. Multiple random blood
glucose levels were used to analyze glycemic control
in this study. Poor glycemic control (≥140 mg/dl) was
found in 89.47% of our diabetic patients.

Diabetes-induced glycation of proteins is a major
cause of spontaneous damage to the proteome and
chronic morbidity. In consistence with others [1], the
present study revealed significantly increased AGEs
in diabetic patients compared to healthy controls.
Moreover, in accordance with others [25, 34, 48],
AGEs were significantly increased with poor glyce-
mic control, age, and presence of microvascular
complications. Similarly, others reported a significant
increase in AGE with age [34], which is also
increased in diabetics [48]. AGEs are involved in
pericyte loss and dysfunction, retinal inflammation,
and thrombosis [52]. Others reported correlation of
serum AGEs levels with severity of diabetic retinop-
athy in either type 1 diabetes mellitus (T1DM) or
T2DM patients [22]. In diabetic neuropathy, AGEs
were reported to be present in the perineurium, ECM,
and pericytes of endothelial microvessels and in
myelinated and unmylinated fibers [42]. In our
diabetic patients, AGEs showed positive correlation
with measured angiogenic and oxidative stress
markers and negative correlation with antioxidants.
AGEs increase vascular permeability; inhibit vascular
dilatation by interfering with endothelial and mesan-
gial cells secretion of cytokines and by enhancing
oxidative stress [53]. AGEs increase ECM due to
discordant matrix metalloproteinases (MMPs) expres-
sion and reduced turnover [44]. Also, AGEs causes
glycation of growth factors including b-FGF [47].

The b-FGF is a pluripotent angiogenic effector
[14]. Moreover, b-FGF is involved in development,
differentiation, and survival of the neural retina [41].
In this study, marked increase in serum levels of b-
FGF was found in T2DM patients compared with
healthy controls. The level was higher in patients with
poor glycemic control and those with microvascular
complications which might reflect widespread endo-
thelial injury in them. In agreement with the present
study, Zimering et al. [59] reported elevated plasma b-
FGF in a subgroup of non-Hispanic white patients
with advanced T2DM. Angiogenic growth factors
unresponsiveness of diabetic patients could be attrib-
uted at least partially to known glycation of them and

their receptors [47]. Differential measurement of
glycated vs. non-glycated b-FGF in diabetics warrants
further studies. In this study, b-FGF positively
correlated with other measured angiogenic factors
and oxidative stress markers but negatively correlated
with antioxidants. This indicates that b-FGF exerts its
angiogenic effects in concert with other angiogenic
factors. The effects of b-FGF are mediated through its
tyrosine kinase receptor FGFR1 utilizing PKC (α and
ε isoforms), syndecan-4, and NO release as a
downstream mediators [40, 58]. Additionally, b-FGF
stimulates endothelial cells to produce a variety of
proteases, including plasminogen activator and MMP-
2 [46].

In this study, cathepsin-D was significantly elevated
in patients with old age and those with microvascular
complications. Witek et al. [51] and Nayeemunnisa
[30] reported significant increase in CD activity in
alloxan diabetic rats. In this study, a positive correla-
tion was found between CD and measured angiogenic
and oxidative stress markers. Increased CD leakage
into the blood could be due to the ROS oxidative
damage of cell membranes [39]. CD might favor
angiogenesis by release of ECM-bound b-FGF [7].
Moreover, it is presumed that CD may stimulate
endothelial cell growth via a paracrine loop, acting as
a protein ligand, by directly or indirectly triggering a
yet unidentified cell surface receptor [6].

In this investigation, PD-ECGF increased marked-
ly in diabetic patients compared with healthy controls.
Also, significant increase in PD-ECGF was found in
patients with increased age, poor glycemic control,
and those with microvascular complications. PD-
ECGF has been implicated in the stabilization of
blood vessels during angiogenesis through the invest-
ment of newly formed vessels by mural pericytes/
smooth muscle cells [36]. This study showed that
serum levels of gangliosides increased markedly in
diabetic patients with poor glycemic control and those
with complications than healthy controls and also in
patients with old age (≥50 years), and those with
microvascular complications than those <50 years
old, and uncomplicated cases, respectively. In vitro
and in vivo studies suggested that gangliosides exhibit
neuroprotective effects against retinal ischemia [49].
Also in this study, a positive correlation was found
between PD-ECGF and gangliosides and other mea-
sured angiogenic factors and oxidative stress markers,
which may suggest a synergistic protective feedback
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induction in diabetics. The studies conducted on
serum levels of PD-ECGF and gangliosides levels in
diabetic patients are rather limited. To our knowledge,
this is the first study that reported elevated serum
levels of PD-ECGF and gangliosides in T2DM.

The role of copper in angiogenesis was first noted
in 1980 during trying to isolate a peptide “endothelial
stimulating growth factor”, McAuslan and Reilly [26]
found that copper salts were the simplest angiogenic
components of tumor extracts, stimulating the migra-
tion of endothelial cells in vitro. Confirmed later by
Hu [21] who showed that Cu stimulates the prolifer-
ation and migration of endothelial cells and induces
their fibronectin production. In this study, Cu
increased markedly in diabetic patients with old age,
those with poor glycemic control, and those with
microvascular complications. Increased serum levels
of Cu in patients with T1DM and T2DM [45, 57]
implicated as an additional factor for atherogenicity.
Impaired homeostasis of Cu could be due to glycation
of its plasma carrier proteins.

This study revealed significant increased HA in
diabetic patients compared to healthy controls which
were more advanced with old age, poor glycemic
controls, and with the presence of microvascular
complications. Hyaluronan oligomers compete with
native long-chain HA in binding to HA receptor CD44
present on endothelial cells [32]. CD44 activation is
mitogenic and induces MMP-2 and MMP-9 produc-
tion that activate transforming growth factor-beta
(TGF-β) and cell invasion through ECM to facilitate
vessel sprouting and outgrowth [56]. In diseases such
as diabetic retinopathy, long-chain hyaluronan is
broken down into hyaluronan oligomers to locally
induce angiogenesis within the normally unvascular-
ized vitreous, and result in hemorrhage and blurred
vision [50]. Furthermore, Murphy et al. [28] showed
that activation of CD44 by depolymerized hyaluronan
induces endogenous release of the angiogenic VEGF.

Increased oxidative stress is a widely accepted
participant in the development and progression of
diabetes and its complications [11]. In this study,
LPER was significantly increased while total thiols
were significantly decreased in diabetic patients
compared to healthy controls. Also, NO and LPER
were significantly elevated, while SOD and total
thiols were significantly decreased in patients with
blood glucose levels ≥140 mg/dl and patients with
microvascular complications than those with blood

glucose levels <140 mg/dl and uncomplicated cases,
respectively. Fukui et al. [17] found that troglitazone
prevented increased levels of lipid hydroperoxide and
SOD activity in the OLETF rat, an animal model of
T2DM. Many clinical studies suggest that patients
with T2DM are subjected to chronic oxidative stress
[37]. Diabetes and high-glucose conditions can
increase the formation of ROS by multiple biochem-
ical pathways, including increased leakage of super-
oxide from mitochondrial electron-transport chain,
glucose auto-oxidation, activation of the polyol
pathway that reduces glutathione, and/or increase
AGEs and activation of PKC which activates nicotin-
amide adenine dinucleotide phosphate oxidase [9,
10]. Oxidative stress has been linked to increased
production of VEGF upon high-glucose treatment in
vitro and in the diabetic retina [16]. It is also known
that oxidative stress induces glomerular hyperfiltra-
tion, proteinuria, glomerula, and interstitial fibrosis by
expression of transcription factor kappa-B (NF-κB),
TGF-β, and VEGF [31].

In this study, oxidative stress markers (NO and
LPER) were significantly correlated with the mea-
sured angiogenic parameters which suggest the
important role of oxidative stress in promoting
angiogenesis. Increasing evidence suggests that oxi-
dative stress with increased NO and peroxyl nitrite
radical formation play major roles in the onset of
diabetic complications. Generally, low concentrations
of NO produced in response to angiogenic factors
stimulate angiogenesis, whereas higher concentrations
typical of inflammatory responses inhibit angiogene-
sis and contribute to severe medical problems [35].
Increased oxidative stress and subsequent activation
of NF-κB enhance NO production and islet beta-cell
damage [24]. The b-FGF induces NO production
through endothelial NO synthase (eNOS) activation,
resulting in vasodilatation [53]. NO likely acts as an
important signal in the angiogenic response to b-FGF,
presumably by terminating its proliferative actions
and promoting the differentiation of endothelial cells
into vascular tubes [2].

Aging is a biological process that causes progres-
sive deterioration of cellular structure and function
over time. Aging-associated impairment of angiogen-
esis might relate to an inappropriate production and/or
function of angiogenic cytokines. In vivo studies have
shown that the reduced number of capillary and
vascular structure are associated with decreased
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mRNA and/or protein expression of some key
angiogenic growth factors, such as VEGF, b-FGF,
platelet-derived growth factor, TGF-β, neuropeptide
Y (NPY), and hypoxia-induced factor-1 (HIF-1).
Moreover, the aging process may increase expression
of anti-angiogenic factors, e.g., TNF-α and thrombo-
spondin [55]. The impaired eNOS function found in the
aged vascular tissues may be a major factor responsible
for the reduction of angiogenic capacity in the elderly
[3]. In this study, the serum levels of measured
angiogenic factors as PD-ECGF, CD, gangliosides,
copper, and HA were significantly higher in patients
≥50 years old compared to those <50 years old,
meanwhile, oxidative stress markers (NO, LPER,
SOD, and total thiols) and b-FGF showed no signifi-
cant changes between age subgroups. These data
suggest defect in balance of secretion of angiogenic
factors occur in aged diabetic patients.

In conclusion, vascular complications are key
players in diabetes as various angiogenic factors
increased markedly in the serum of diabetic patients.
Various factors can be postulated to explain the
impaired angiogenic response in T2DM: First, the
exposure to chronic hyperglycemia leads to the non-
enzymatic glycation of proteins and dysangiogenesis
leading to increase oxidative stress. Secondly, a
feedback reparative process increases the angiogenic
responses that could also indicates abnormalities in
growth factor signaling and/or expression. The vas-
cular dysfunctions increased with old age, poor
glycemic control, and presence of microvascular
complications. This raises many questions regarding
the use of angiogenesis as a therapeutic approach in
diabetes. Translation and clinical researches are
critical in the near future to elucidate the inherent
molecular mechanisms that hold the angiogenic
paradox, and to predict which patients could benefit
from each therapeutic approach. In this context,
antioxidants and anti-AGEs appear to be more crucial.

Conflicts of interest There are no conflicts of interest.

Limitation of the study The small number of patients and
study being cross-sectional rather than longitudinal are the
major limitations of this study. The major cause was the
limitation of the local research resources and budget to cover a
few hundred patients required for proper sample size and an
elaborate longitudinal and may be interference study.
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