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A B S T R A C T

Background: Delayed neovascularisation of tissue-engineered (TE) complex constructs is a major challenge that
causes their failure post-implantation. Although significant progress has been made in the field of angiogenesis,
ensuring rapid neovascularisation still remains a challenge. The use of pro-angiogenic agents is an effective
approach to promote angiogenesis, and vascular endothelial growth factor (VEGF) has been widely studied both
at the biological and molecular levels and is recognised as a key stimulator of angiogenesis. However, the
exogenous use of VEGF in an uncontrolled manner has been shown to result in leaky, permeable and haemor-
rhagic vessels. Thus, researchers have been actively seeking alternative agents to upregulate VEGF production
rather than exogenous use of VEGF in TE systems. We have previously revealed the potential of 2-deoxy-D-ribose
(2dDR) as an alternative pro-angiogenic agent to induce angiogenesis and accelerates wound healing. However,
to date, there is not any clear evidence on whether 2dDR influences the angiogenic cascade that involves VEGF.
Methods: In this study, we explored the angiogenic properties of 2dDR either by its direct application to human
aortic endothelial cells (HAECs) or when released from commercially available alginate dressings and demon-
strated that when 2dDR promotes angiogenesis, it also increases the VEGF production of HAECs.
Results: The VEGF quantification results suggested that VEGF production by HAECs was increased with 2dDR
treatment but not with other sugars, including 2-deoxy-L-ribose (2dLR) and D-glucose (DG). The stability studies
demonstrated that approximately 40–50% of the 2dDR had disappeared in the media over 14 days, either in the
presence or absence of HAECs, and the reduction was higher when cells were present. The concentration of VEGF
in the media also fell after day 4 associated with the reduction in 2dDR.
Conclusion: This study suggests that 2dDR (but not other sugars tested in this study) stimulates angiogenesis by
increasing the production of VEGF. We conclude 2dDR appears to be a practical and effective indirect route to
upregulating VEGF for several days, leading to increased angiogenesis.

1. Introduction

The lack of blood vessels in current tissue-engineered (TE) con-
structs is one of the most important challenges in the survival of TE
constructs (Langer, 2000; Rivron et al., 2008). The use of pro-angio-
genic agents to stimulate angiogenesis is an effective approach to cir-
cumvent slow neovascularisation of TE constructs (Dew et al., 2015;
Richardson et al., 2001), and vascular endothelial growth factor (VEGF)
is recognised as a key stimulator of angiogenesis. It has been proven to
have important roles in critical steps of the angiogenic process in-
cluding vasodilation and permeability, destabilisation of vessels and
degradation of extracellular matrix (ECM), proliferation and migration
of endothelial cells (ECs), lumen formation and vessel stabilisation in
vitro (Obi and Toda, 2015; Poldervaart et al., 2014; Vernon and Sage,

1999) and in vivo (Ribatti et al., 2006; Roma-Rodrigues et al., 2016).
However, researchers also reported that the exogenous use of VEGF in
an uncontrolled manner could result in leaky (Yancopoulos et al.,
2000), permeable (Cao et al., 2004) and haemorrhagic (Cheng et al.,
1997) vessels which can be observed in tumour angiogenesis (Oka
et al., 2007).

Although significant progress has been made, and the studies on
angiogenesis and VEGF have significantly increased over the last two
decades, there is still a need for alternative pro-angiogenic agents to
promote angiogenesis in an inexpensive and safe manner (Ferrara,
2007). Our group has been seeking alternative agents to increase an-
giogenesis, and we have explored deoxy sugars for their potential to
promote angiogenesis. The literature on small sugars is very limited and
contradictory. We have recently revealed 2-deoxy-D-ribose (2dDR)'s
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highly angiogenic potential in vitro (Dikici et al., 2019a), in chick
chorioallantoic membrane (CAM) assay (Dikici et al., 2019c; Yar et al.,
2017), and in vivo (Azam et al., 2019; Yar et al., 2017). Similarly,
several other groups have also reported that 2dDR is a promoter of
angiogenesis in vitro (Nakajima et al., 2009; Uchimiya et al., 2002) and
in vivo (Haraguchi et al., 1994; Matsushita et al., 1999). However, the
levo isomer of 2dDR, 2-deoxy-L-ribose (2dLR) has been reported to be
anti-angiogenic in vitro (Ikeda et al., 2002; Nakajima et al., 2004, 2006,
2009; Uchimiya et al., 2002) and in vivo (Uchimiya et al., 2002). Yet
other studies demonstrated that 2dLR is a promoter of angiogenesis in
the CAM assay (Yar et al., 2017) and in vivo (Sengupta et al., 2003). D-
glucose, as the primary energy source of cells, has also been reported as
both promoting (Madonna et al., 2016; Shigematsu et al., 1999) and
inhibiting (Jiraritthamrong et al., 2012; Teixeira and Andrade, 1999;
Yu et al., 2006) angiogenesis. Finally, 2-deoxy-D-glucose (2dDG), a
glucose molecule which has the 2-hydroxyl group replaced by hy-
drogen, has been reported to be anti-angiogenic in vitro (Chuang et al.,
2015; Kovacs et al., 2016; Merchan et al., 2010; Tagg et al., 2008) and
in vivo (Merchan et al., 2010) by several groups.

As can be seen from this literature on sugars, in contrast to VEGF,
the mechanism of their action is still essentially unclear. Accordingly, in
this study, we aimed to explore some important pro-angiogenic end-
points in the relationship between 2dDR and VEGF. First, we in-
vestigated the effective pro-angiogenic concentrations of 2dDR in vitro
and in ex-ovo CAM assay either when administered directly to ECs or
when released from commercially available alginate dressings. Then,
we compared 2dDR with other small sugars, including 2-deoxy-L-ribose
(2dLR) and D-glucose (DG) in terms of increasing the metabolic activity
of human aortic endothelial cells (HAECs). Finally, we evaluated the
effect of direct application of 2dDR and of 2dDR released from alginate
dressings on the concentration of VEGF in the media of HAECs and we
looked at the stability of 2dDR in culture medium in the presence and
absence of HAECs.

2. Experimental

2.1. Materials

2-Deoxy-D-ribose (2dDR), 2-deoxy-L-ribose (2dDR), D-glucose (DG),
human vascular endothelial growth factor 165 (VEGF-165) expressed in
Escherichia coli (E. coli), orcinol, 3.7% formaldehyde (FA) solution,
AlamarBlue cell metabolic activity assay, Triton X-100, ferric chloride
hexahydrate (FeCl3.6H2O) and hydrochloric acid (HCl) were purchased
from Sigma Aldrich (St. Louis, Missouri, USA). Human Aortic
Endothelial Cells (HAECs) and EC growth medium (EC GM) were pur-
chased from PromoCell (Heidelberg, Germany). 4′,6-diamidino-2-phe-
nylindole (DAPI) solution and Alexa Fluor 594 Phalloidin were pur-
chased from ThermoFisher Scientific (San Jose, CA, USA). Human VEGF
ELISA MAX™ Deluxe Set was purchased from Biolegend (San Diego, CA,
USA). Alginate dressings were obtained from Advanced Medical
Solutions (Winsford, UK).

2.2. Methods

2.2.1. Evaluating the angiogenic potential of 2-deoxy-D-ribose (2dDR), 2-
deoxy-L-ribose (2dLR), and D-glucose (DG) in vitro
2.2.1.1. Culture of human aortic endothelial cells (HAECs). HAECs
removed from liquid nitrogen immediately thawed at 37 °C and
transferred to a container with 10 ml of endothelial cell growth
medium (EC GM). Cells were centrifuged, and the cell pellet was re-
suspended in EC GM supplemented with a total of 5% FBS and growth
medium 2 kit supplements (5 ng/ml EGF, 10 ng/ml bFGF, 20 ng/ml
insulin-like growth factor, 0.5 ng/ml VEGF, 1 μg/ml ascorbic acid,
22.5 μg/ml heparin, 0.2 μg/ml hydrocortisone). The cell suspension
was then transferred into 75 cm2

flasks and incubated at 37 °C, 5% CO2

(Thermo Scientific, Massachusetts, USA). The culture media was

replaced every 3 days until they reached ~80–90% confluency.
HAECs were used between passages 2 and 6.

2.2.1.2. Preparation of sugar solutions. Working solutions of all
substances were prepared fresh at the beginning of each experiment.
10 mM stock solutions of 2dDR, 2dLR, and DG were prepared by
dissolving the sugars in low serum (2% FCS) EC GM and filtered using a
0.2 μm syringe filter, and the stock solutions were then diluted 100× in
sterile EC GM to prepare 100 μM sugar solutions. 80 ng/ml VEGF-165
(VEGF-165 will be mentioned as VEGF in the rest of the text) solution
was prepared in sterile EC GM and used as a positive control. Low
serum EC GM was used as a control in the experiments.

2.2.1.3. Effect of 2dDR, 2dLR, and DG on the metabolic activity of
HAECs. AlamarBlue cell metabolic activity assay was used to evaluate
the change in the metabolic activity of HAECs in response to different
sugar treatments (Dikici et al., 2020a). The principle of this assay is the
reduction of non-fluorescent resazurin to highly fluorescent resorufin
upon entering cells. The viable cells convert resazurin to resorufin
continuously.

Once the cells reached confluence, HAECs were trypsinised and
seeded into 48-well plates with a seeding density of 1 × 104 HAECs/
cm-1. HAECs were cultured with EC GM, either containing different
concentrations of 2dDR or VEGF. AlamarBlue assay was performed at
days 1, 4, and 7 or 1, 3, and 5 depending on the experiments. Briefly,
0.1 mM AlamarBlue working solution was prepared by 10× dilution of
the 1 mM AlamarBlue stock solution with EC GM. Growth medium was
removed, and the cells were washed with phosphate buffered saline
(PBS). 1 ml of AlamarBlue working solution was added to each well and
incubated at 37 °C for 4 h. After an incubation period, 200 μl of the
solution was transferred into a 96-well plate, and the fluorescence
readings were done at an excitation wavelength of 540 nm and an
emission wavelength of 635 nm.

2.2.1.4. Fluorescent staining of the cells. Fluorescent staining was
performed by labelling F-actin and cell nuclei of HAECs as described
previously (Dikici et al., 2020b). Cells were washed with PBS before
(once) and after (three times) fixing them in 4% PFA for 15 min. 0.1%
(v/v) Triton 100× (in PBS) was added on samples, and the samples
were incubated for 20–30 min at room temperature (RT). After three
times washing with PBS, Alexa Fluor 594 Phalloidin (1:40 diluted in
PBS from stock solution) solution was added to cells in order to stain F-
actin filaments of cells and incubated for 30 min at RT in the dark. Cells
were then washed three times with PBS. In order to stain cell nuclei,
DAPI solution (1:1000 diluted in PBS), which strongly binds the
adenine-thymine rich regions of DNA, was added and incubated for
10–15 min RT in the dark, and cells were then washed 3 times with
PBS. Cells were then examined with a fluorescent microscope
(Olympus, Japan). The number of cells was quantified using DAPI
stained well-plates at the end of the incubation period using ImageJ
software as described previously (Dikici et al., 2019a).

2.2.2. Assessment of the VEGF-dependency of 2dDR-related angiogenic
activity

Human VEGF ELISA MAXTM Deluxe Set was used for the quantifi-
cation of VEGF production of HAECs either with the direct addition of
2dDR at 100 μM and 1 mM concentrations in comparison with VEGF
(80 ng/ml) and controls or when 2dDR (5% and 10%) were released
from commercially available alginate dressings in comparison with
2dLR (5% and 10%), DG (10%) and control dressings.

2.2.2.1. Direct addition of 2dDR to the EC GM. To investigate the VEGF
production of HAECs in response to 2dDR treatment, cells were
incubated in low serum EC GM supplemented with 100 μM of 2dDR,
1 mM of 2dDR, and 80 ng/ml VEGF. Non-supplemented low serum EC
GM was used as a control. Growth media of the cells were collected at
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day 1, 3, and 5, centrifuged at ~150 relative centrifugal force (RCF) for
5 min, and stored at −20 °C.

For quantification of the samples, first, 1 ml of VEGF stock solution
was prepared as 1500 pg/ml in 1× assay diluent A, and then six serial
dilutions were done down to 750, 375, 187.5, 93.8, 46.9, and 23.4 pg/
ml in order to obtain a reference curve for converting readings to
concentrations.

On day 1, 100 μl of 1× capture antibody was added to each well to
coat the well plate with the anti-VEGF antibody. The plate was then
sealed using parafilm and incubated overnight at 4 °C.

On day 2, the plate was washed 4 times with 1× wash buffer, and
blocked by adding 200 μl of 1× assay diluent A to each well and in-
cubated at RT for 1 h on a shaker. The plate was then washed 4 times
with 1× wash buffer, and 50 μl of 1× assay diluent D was added to
each well. 50 μl of the samples (growth media from HAECs) and 50 μl of
the prepared VEGF concentrations (reference standards) were added to
wells, and the plate was then sealed and incubated at RT for 2 h on a
shaker. The plate was washed 4 times with 1× wash buffer, and 100 μl
of 1× detection antibody was added to each well and incubated at RT
for 1 h on a shaker. The plate was washed 4 times with 1× wash buffer,
and 100 μl of 1× avidin-HRP was added to each well and incubated at
RT for 30 min on a shaker. The plate was washed 5 times with 1× wash
buffer (at least for 30 s for each wash), and 100 μl of 1× substrate
solution D was added to each well and incubated at RT in the dark for
10 min. 100 μl of 1× stop solution was then added to each well to stop
the reaction. The absorbance was read at 450 nm and 570 nm, the
reading at 570 nm was subtracted from that at 450 nm. The absorbance
values were converted to concentrations using the reference curve
drawn from the standard VEGF concentrations.

2.2.2.2. Release of the agents from alginate dressings. Alginate dressings
(size: 10 × 10 cm2, thickness: 2 mm) were loaded with 2dDR (5% and
10%), 2dLR (5% and 10%), and DG (10%) as described previously
(Andleeb et al., 2020; Azam et al., 2019). Briefly, 1 cm2 patches of pre-
sterilised alginate dressings (11 mg approx.) were cut and placed into a
sterile multi-well plate. Syringe filtered solutions of 2dDR, 2dLR, and
DG were loaded onto alginate patches by pipetting 100 μl of the sugar
solution onto the dressing. After ensuring that the liquid had soaked
through the dressings, they were left in a sterile environment at RT for
24 h to allow the water to evaporate. Once dry, the dressings were used
in experiments.

To investigate the VEGF production of HAECs in response to the
release of the agents from the dressings, cells were incubated in low
serum EC GM in 24-well plates, and the dressings were placed in cell
culture inserts. Growth media of the cells were collected at day 1, 3, and
7, centrifuged at ~150 RCF for 5 min, and stored at −20 °C. For
quantification of the samples, Human VEGF ELISA MAXTM Deluxe Set
was used as described above.

2.2.3. Assessment of the stability of 2dDR in the presence and absence of
HAECs

The stability of 2dDR was assessed using Bial's Orcinol assay, as
described previously (Azam et al., 2019). Briefly, two defined con-
centrations (100 μM and 1 mM) of 2dDR were prepared in EC GM. The
solutions were incubated at 37 °C in the presence and absence of
HAECs. For this, HAECs were seeded in 24-well plates with a seeding
density of 4 × 104 cells/cm2 and incubated with EC GM supplemented
with 2dDR. On days 1, 4, 7, and 14, the growth medium was collected,
and Bial's assay was performed (Patterson and Mura, 2013). The prin-
ciple of this test is the formation of furfural (an organic compound:
C4H3OCHO) by the dehydration of pentoses (sugars with five carbon
atoms) with Bial's reagent. Furfural will then react with orcinol and
generate a substrate with a blue colour. Briefly, Bial's reagent was
prepared by combining 0.4 g of orcinol, 200 ml of 37% concentrated
hydrochloric acid and 0.5 ml of a 10% solution of ferric chloride. A 2 ml
of media collected from 6-well plate was placed in a test tube, and 2 ml

of Bial's reagent was added. The solution was heated to boil using a hot
plate, and the sample tubes were then submerged into the boiling Bial's
reagent solution for 1 min. Absorbance was measured using a UV-VIS
spectrophotometer at 630 nm.

2.2.4. Evaluation of the angiogenic potential of 2dDR, 2dLR, and DG in ex-
ovo CAM assay

The CAM assay was performed to evaluate the angiogenesis either
with the direct application of 2dDR (200 μg/day/embryo) in compar-
ison with VEGF (80 ng/ml) and controls (PBS) or when 2dDR (5% and
10%), 2dLR (5% and 10%), DG (10%) were released from alginate
dressings.

2.2.4.1. Direct application of 2dDR to CAM. All CAM experiments were
carried as described previously (Aldemir Dikici et al., 2019; Dikici et al.,
2019c; Mangir et al., 2019). Briefly, fertilised chicken eggs (Gallus
domesticus) were purchased from Henry Stewart & Co. MedEggs
(Norwich, UK) and cleaned with 20% industrial methylated spirit
solution. Eggs were incubated at 37.5 °C for 3 days in a rocking egg
incubator (RCOM King SURO, P&T Poultry, Powys, Wales). On
embryonic development day (EDD) 3, the embryos were transferred
gently into sterile petri dishes and incubated at 38 °C in a cell culture
incubator (Binder, Tuttlingen, Germany). The CAM assay was
conducted according to the Home Office, UK guidelines.

Plastic rings (~6.5 mm in diameter) were placed on the CAM
halfway between the embryo and the outer border of the CAM and
between two large vessels as described previously (Mangir et al., 2019).
The substances to be examined were applied as 20 μl volume into the
rings placed on the CAM twice a day for 3 days starting from EDD 7. On
EDD 14, images of the CAM area circumscribed by the plastic rings
were acquired using a digital microscope and embryos were sacrificed
immediately after image acquisition. Digital images were used for
quantification of the results. Multiple image processing steps were ap-
plied following previously described protocols (Brooks et al., 1999;
Ribatti et al., 2006; Roma-Rodrigues et al., 2016). Firstly, the internal
area of the ring was cropped, and the raw image was split to its three
main colour channels (red, green and blue (RGB) channels) using Adobe
Photoshop CS6 (ADOBE Systems Inc., San Jose, California, USA). Only
the green channel was exported as an image file and then imported to
ImageJ (Wayne Rasband, National Institutes of Health, USA) for further
analysis including unsharp mask filtering, enhancing the local contrast,
noise removal, converting the image to binary and segmentation. Fi-
nally, the average vessel lengths were quantified using ImageJ software
as described previously (Aldemir Dikici et al., 2020; Dikici et al., 2019b,
2019c).

2.2.4.2. The release of sugars from the alginate dressings to evaluate
angiogenesis on CAM. The 2dDR (5% and 10%), 2dLR (5% and 10%),
and DG (10%) loaded alginate dressings were prepared as described in
Section 2.2.2.2. Fertilised eggs were incubated at 37.5 °C for 3 days in a
rocking egg incubator (RCOM King SURO, P&T Poultry, Powys, Wales).
On EDD 3, the embryos were transferred gently into sterile petri dishes
and incubated at 38 °C in a cell culture incubator (Binder, Tuttlingen,
Germany). On EDD 7, 1 cm2 the alginate dressings were implanted to
CAMs for a further 7 days. On EDD 14, images of the CAMs with the
implants were acquired using a digital microscope and embryos were
sacrificed immediately after image acquisition.

The total length of small blood vessels was calculated by using
binary image histograms with known pixel/mm ratios in ImageJ as
described previously (Dikici et al., 2019c).

2.2.5. Statistical analysis
Statistical analyses were performed using one-way analysis of var-

iance (ANOVA) for CAM assay results and the quantification of DAPI
stained HAECs. The results of the AlamarBlue metabolic activity mea-
surements, the VEGF quantification results, and the 2dDR stability
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results were analysed by two-way ANOVA. Error bars indicate standard
deviations in the graphs unless otherwise stated.

3. Results

3.1. Comparative effects of 2dDR, 2dLR, and DG on endothelial cells

Two aspects of endothelial cell biology were measured. (i) the cell
viability of HAECs when treated with different concentrations of 2dDR
over 7 days as shown in Fig. 1 and (ii) cell viability of HAECs in

Fig. 1. The effect of 2dDR on the metabolic activity and proliferation of HAECs. (A) Phalloidin-TRITC & DAPI stained HAECs cultured over 5 days. (B) The results of
AlamarBlue assay showing the change in the metabolic activities of HAECs over 5 days in response to 2dDR and VEGF treatment. (C) The quantification of the
number of HAECs at the end of day 7 from DAPI staining. Scale bars represent 200 μm.
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response to the treatment with an effective dose of 2dDR in comparison
with other sugars as shown in Fig. 2.

The addition of 2dDR and VEGF caused an increase in metabolic
activity of HAECs over 7 days. None of the other small sugar molecules
increased the activity of HAECs over 7 days.

At day 1, none of the groups showed any significant difference in
the activity of cells while VEGF and 2dDR (100 μM and 1 mM) showed a
significant increase in the metabolic activity of HAECs. A further in-
crease was observed on day 7. No statistically significant difference was
found between VEGF treated and 2dDR treated groups (Fig. 1B).

This data was further confirmed with the fluorescent staining of the
HAECs to quantify cell number by staining for DAPI at the end of day 7
(Fig. 1C). The highest number of cells was in the VEGF treated groups,
and the number of HAECs treated with 100 μM and 1 mM 2dDR were
also significantly higher than controls.

The results of the comparison of 2dDR with other sugars (2dLR and
DG) in terms of increasing the metabolic activity of HAECs over 7 days
in comparison with VEGF and controls are given in Fig. 2.

3.2. 2dDR increases the VEGF production of HAECs

The results of VEGF quantification demonstrated that the adminis-
tration of either 100 μM or 1 mM of 2dDR to HAECs growth media led
an increase in the amount of VEGF produced by the cells over 5 days
(Fig. 3A). No VEGF production was observed in the control group at any

of the time points, where HAECs were incubated with non-supple-
mented EC GM.

The VEGF production by HAECs in response to 2dDR treatment was
statistically significant even at day 1. The amount of VEGF rose to
871.4 ± 361.7 pg/ml and 1284.5 ± 683.1 pg/ml, respectively for
100 μM and 1 mM 2dDR treated groups when compared to controls
(average VEGF amount: 18.3 ± 1.9 pg/ml).

By day 5, the amount of VEGF was significantly increased to
1140.6 ± 441.8 pg/ml and 1233.4 ± 384.1 pg/ml, respectively when
treated with 100 μM and 1 mM of 2dDR whereas the control group
showed almost no change compared to VEGF production on day 1
(15.3 ± 4.4 pg/ml).

The group to which VEGF was added had a significantly higher
amount of VEGF in the media than the other groups at all time points as
expected (3669.2 ± 559.0 pg/ml and 3930.9 ± 850.5 pg/ml of VEGF
by days 1 and 5, respectively).

As for the direct treatment of HAECs with 2dDR, the release of 2dDR
from the alginate dressings enhanced the production of VEGF over
7 days (Fig. 3B).

On day 4, the results showed that 5% and 10% 2dDR loaded algi-
nate dressings significantly increased the production of VEGF to
1.75 ng/ml and 5.25 ng/ml, respectively when compared to controls
(0.05 ng/ml). Although the 10% 2dLR groups also showed an increase
in the production of VEGF (0.75 ng/ml), this was not statistically dif-
ferent from controls.

Fig. 2. Comparison of 2dDR with other sugars (2dLR and DG) in terms of increasing the metabolic activity of HAECs over 7 days in comparison with VEGF and
controls. (***p ≤ 0.001, *p ≤ 0.05, not significant (ns) p ≥ 0.05, n = 3). The statistical comparison of the results is given in the table on the right.

Fig. 3. (A) Quantification of VEGF production by HAECs in response to direct 2dDR treatment (100 μM and 1 mM). (B) VEGF production of HAECs when 2dDR,
2dLR, and DG was released from the alginate dressings. (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, not significant (ns) p ≥ 0.05, n = 3).
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On day 7, a decrease was observed in the amount of VEGF present in
the media. All other groups, apart from the 10% 2dDR, were not sta-
tistically different from controls. The amount of VEGF found in the 10%
2dDR loaded alginate dressing groups was 2.75 ng/ml.

3.3. The stability of 2dDR in the presence and absence of HAECs

The results of stability studies showed that there was a decrease of
2dDR in the media over 7 days, either in the presence or absence of
HAECs. The percentage reductions of 2dDR on both day 4 and 7 were
higher in the presence of HAECs when compared to control groups (no
cells).

For 100 μM 2dDR treatment, on day 4, the amount of 2dDR was
reduced by 23.6 ± 8.2% and 11.5 ± 2.7% in the presence and ab-
sence of HAECs, respectively. On day 7, this was further reduced by
37.4 ± 9.5% (with HAECs) and 21.5 ± 6.6% (without HAECs). On
day 14, the percentage reductions in the amount of 2dDR were
41.2 ± 9.9% and 37.1 ± 3.5%, respectively, for cellular and acellular
groups with no statistically significant difference (Fig. 4A).

For 1 mM 2dDR treatment, on day 4, the amount of 2dDR was re-
duced by 28.7 ± 7.7% and 12.8 ± 6.3% in the presence and absence
of HAECs, respectively. On day 7, this was further reduced by
31.5 ± 4.4% (with HAECs) and 18.5 ± 5.9% (without HAECs). By
day 14, the percentage reductions in the amount of 2dDR were
47.1 ± 10.2% and 37.2 ± 10.3%, respectively, when HAECs existed
and not existed in the well plates. (Fig. 4B).

3.4. 2dDR treatment increases the angiogenic activity on CAM either when
added directly or when released from alginate dressings

The quantification of the macro images of CAMs with the direct
treatment of 2dDR (200 μg/day) showed that 2dDR promoted angio-
genesis and significantly increased the total vessel length 1.2-fold when
compared to controls. VEGF treatment increased the total vessel length
1.4-fold compared to controls (Fig. 5).

The CAM assay results of the alginate dressings loaded with 2dDR,
2dLR and DG demonstrated that only 2dDR (10%) significantly im-
proved angiogenic activity and increased the total length of the small
blood vessels (Fig. 6). The total small vessel length per image was
95.7 ± 5.6 mm and 103.0 ± 3.4 mm, respectively for 5% and 10%
loaded groups while the vessel length was 51.8 ± 2 mm in the non-
loaded dressing group. Although 2dLR and DG loading increased the
total blood vessel length on CAM over 7 days, these were not statisti-
cally significant. The total small blood vessel lengths were increased to
67.5 ± 30.4 mm, 91.9 ± 16.7 mm, and 73.6 ± 21.2 mm,

respectively when CAMs were treated with 5% 2dLR, 10% 2dLR, and
10% DG loaded alginate dressings.

4. Discussion

VEGF is a very well-established pro-angiogenic agent with im-
portant roles in stimulating angiogenesis (Hoeben et al., 2004). It is
considered as the gold standard for inducing angiogenesis in vitro and in
vivo (Olsson et al., 2006; Wang et al., 2008). However, the uncontrolled
administration of exogenous VEGF has been shown to promote the
formation of leaky (Yancopoulos et al., 2000), permeable (Cao et al.,
2004), and haemorrhagic (Cheng et al., 1997) blood vessels.

To date, an extensive number of studies have explored the signalling
pathway of VEGF in the angiogenic process (Hoeben et al., 2004; Koch
et al., 2011). VEGF stimulates proliferation of ECs via the activation of
VEGF receptor 2 (VEGFR2) which triggers RAS/ Rapidly Accelerated
Fibrosarcoma (RAF) /extracellular signal-regulated kinase (ERK)/ Mi-
togen-activated protein kinase (MAPK) pathway stimulates prolifera-
tion of ECs (Meadows et al., 2001; Zachary and Gliki, 2001). It induces
the migratory response of ECs with the activation of either focal ad-
hesion turnover (Parsons, 2003) or actin reorganisation (Holmqvist
et al., 2003; Lamalice et al., 2006) signalling pathways. VEGF also
regulates survival of ECs via VEGFR-2 dependent activation of phos-
phoinositide 3 kinase (PI3K)-AKT8 virus oncogene cellular homolog
(AKT) signalling pathways to inhibit apoptosis via B cell leukaemia 2
protein (BCL-2) associated death promoter (BAD) and caspase 9
(Cardone et al., 1998) pathways. It also plays a key role in the per-
meability of ECs via endothelial nitric oxide synthase (eNOS)-mediated
generation of nitric oxide (NO) (Fukumura et al., 2001).

2dDR, one of the degradation products of thymidine, is an in-
expensive, commercially available and effective alternative to VEGF
which can induce angiogenesis. Recently, our group demonstrated that
2dDR, when released from a hydrogel, is not only angiogenic but also
stimulates wound healing in a rat skin wound model (Yar et al., 2017).
In addition, our group has recently revealed the angiogenic potential of
2dDR using well-established in vitro models (Dikici et al., 2019a), an ex-
ovo CAM assay (Dikici et al., 2019c), and in a comparatively difficult to
heal diabetic rat model (Azam et al., 2019). However, all of these
studies focused on the biological activity of 2dDR and did not attempt
to clarify how this small sugar stimulates angiogenesis.

Accordingly, in this study, we aimed to explore how 2dDR takes part
in the angiogenic pathway and what is the relationship between VEGF
and 2dDR. Our results demonstrated that 2dDR could be used to induce
angiogenesis in vitro and in vivo either when administered directly at a
concentration range of 100 μM to 1 mM or when released from 10%

Fig. 4. Bial's Orcinol Assay for the assessment of the stability of 2dDR. (A) 100 μM 2dDR and (B) 1 mM 2dDR in the presence or absence of HAECs over 14 days.
(**p ≤ 0.01, *p ≤ 0.05, n = 3).
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2dDR loaded alginate dressings. However, no other sugar molecules,
including 2dLR and DG, were found to be as effective in terms of in-
creasing the metabolic activity of HAECs and promoting angiogenesis in
CAM assay over 7 days.

We have previously reported the suitability of small-diameter blood
vessel cells to be used in several angiogenesis applications such as to
create endothelial monolayers to study angiogenesis (Dew et al., 2016;
Dikici et al., 2020b; Ortega et al., 2015), to promote angiogenesis as a
prevascularisation approach (Dikici et al., 2019; Dikici et al., 2020a).
Although they have been found to be very suitable for many angio-
genesis applications, they were also very difficult to grow under la-
boratory conditions and required surface coating or the presence of a
periendothelial type of cell (as a helper cell) to attach and grow on
synthetic (Dew et al., 2016; Dikici et al., 2020b) or natural (Dikici et al.,
2019b) polymeric surfaces. On the other hand, we have recently re-
ported that HAECs were very easy to grow on tissue culture plastic as
well as polymeric surfaces, and they respond positively to the treatment
of pro-angiogenic agents and flow in terms of increased proliferation,
migration and tube formation (Dikici et al., 2019a). When the aim of
this study and the pros and cons of small-diameter blood vessel cells
and big diameter blood vessel cells were considered, we selected HAECs
to be used to investigate whether there is any evidence for VEGF pro-
duction in response to 2dDR treatment.

The VEGF-ELISA kit used in this study has a reactivity of 100% to
VEGF-165 and 7.2% to VEGF-121 and is specific to bind recombinant
human VEGF-A. Although there are several isoforms of VEGF-A asso-
ciated with the angiogenic cascade (i.e. VEGF-121 VEGF-145, VEGF-
165, VEGF-189, and VEGF-206) VEGF-165 has been demonstrated as
the prototypical pro-angiogenic VEGF-A isoform because of its optimal
bioavailability and biological activity and is consequently widely used
in studies focusing on promoting angiogenesis (Ferrara, 2001, 2009;
Soker et al., 1998). A major difference between these isoforms is that

VEGF-165, VEGF-121 and VEGF-145 can be secreted extracellularly
whereas VEGF-189 and VEGF-206 are stored in ECM and need to be
released by their cleavage from the ECM (Holmes and Zachary, 2005).

The VEGF quantification results suggested that 2dDR plays a key
role in the stimulation of angiogenesis by increasing the production of
VEGF by HAECs. No significant increase in the amount of VEGF that
HAECs produced was observed when 2dLR and DG at any concentra-
tions were released from alginate dressings. The VEGF production by
HAECs in response to direct treatment with 2dDR was statistically
significant even at day 1. The amount of VEGF increased by approxi-
mately 48-fold and 70-fold, respectively, with the addition of 100 μM
and 1 mM 2dDR. At the end of day 5, VEGF production of HAECs was
increased by 74-fold and 80-fold, respectively with the addition of
100 μM and 1 mM 2dDR. Similarly, the release of 10% 2dDR from al-
ginate dressings increased the amount of VEGF approximately 30-fold
and 48-fold by days 3 and 7, respectively, when compared to control
dressings.

The stability studies demonstrated that there was a gradual decrease
in the amount of 2dDR present in the growth medium over 14 days,
either in the presence or absence of HAECs. This decrease was greater
when HAECs were present in the well plates. This is likely to be due to
the 2dDR being internalised by HAECs and used to increase the pro-
duction of VEGF. At the end of day 14, approximately 40% to 50% of
the 2dDR had disappeared from the culture medium in the presence of
HAECs. The drop in 2dDR amount in the culture medium over 7 days is
consistent with the decrease in the amount of VEGF produced by HAECs
in response to 2dDR treatment from day 4 to 7 (Fig. 3). Thus, the ad-
dition of 2dDR leads to a temporary increase in VEGF over a few days. It
does not lead to a permanent or sustained increase which might be
worrying because of the known association between the addition of
exogenous VEGF and the production of leaky blood vessels such as
those found in tumours. The fact that the levels of 2dDR and of VEGF

Fig. 5. CAM assay results showing the angiogenic activity of 2dDR in comparison with VEGF and PBS. (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, n = 3). Scale bars
represent 2 mm.
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were increased for only a few days strongly suggests that both are
subject to endogenous regulation in these studies. The most probable
explanation for the reduction in the amount of VEGF is the low stability
of VEGF as solution at RT (The manufacturer suggests that reconstituted
VEGF could be stored at 2–8 °C for up to one week). In addition, the
density of immobilized VEGF (as a solution) has been reported to de-
crease by almost 40% in 5 days (Mizumachi and Ijima, 2013). Another
possible reason is the rate of VEGF uptake by HAECs is faster than the
production of it. Also, since the amount of 2dDR in media reduces
significantly from day 3 to 7, 2dDR stimulation of the production of
VEGF will reduce with time.

In contrast to VEGF, the literature on small sugars is very limited
and conflicting. Uchimiya et al. demonstrated that TP-induced angio-
genesis could be reversed by the addition of 2dLR (Uchimiya et al.,

2002). Nakajima et al. reported that 2dLR inhibits VEGF production
and TP-related angiogenesis in metastatic nodules (Nakajima et al.,
2004) and inhibits Matrigel invasion of tumours (Nakajima et al.,
2006). Ikeda et al. showed that 2dLR promotes hypoxia-induced
apoptosis of HL-60 cells (Ikeda et al., 2002). Uchimiya et al. demon-
strated the inhibition of angiogenesis in a rat corneal assay by 2dLR
(Uchimiya et al., 2002). Although all these studies reported the anti-
angiogenic activity of 2dLR, Yar et al. previously showed the promotion
of angiogenesis by the release of 2dLR from hydrogels in CAM assay
(Yar et al., 2017). Similarly, Sengupta et al. also suggested that 2dLR
showed an angiogenic response in sponge granuloma model of angio-
genesis (Sengupta et al., 2003). Similar conflicting literature can be
seen for DG, which has previously been reported to induce prolifera-
tion, migration and tube formation of ECs by many groups (Madonna

Fig. 6. Evaluation of the angiogenesis on CAM when 2dDR (5% and 10%), 2dLR (5% and 10%), and DG (10%) loaded alginate dressings were implanted. The graph
shows the quantification of the total length of small blood vessels. (***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05, not significant (ns) p ≥ 0.05, n = 4). Scale bars represent
1 mm.
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et al., 2016; Shigematsu et al., 1999; Yu et al., 2006). However, several
other reports assert that DG inhibits tube formation in vitro
(Jiraritthamrong et al., 2012) and is anti-angiogenic in vivo (Teixeira
and Andrade, 1999).

In order to better consider this conflicting literature, we summarised
the reported studies on these small sugars that have been found to
promote or inhibit angiogenesis in Table 1.

It was not clear how 2dDR stimulates angiogenesis. Several re-
searchers have attempted to clarify the role of 2dDR at the molecular
level in stimulating angiogenesis. The first proposed mechanism was
the promotion of oxidative stress by the endogenous generation of
2dDR by enzymatic degradation of thymidine to thymine. This has been
thought to promote the production and secretion of several pro-an-
giogenic agents such as VEGF and interleukin-8 (IL-8) by cells which
can then be internalised by the surrounding ECs to trigger the angio-
genic pathways (Brown et al., 2000; Nakajima et al., 2009; Sengupta
et al., 2003). Alternatively, Vara et al. suggested that 2dDR can be
generated either endogenously by cells with thymidine phosphorylase
(TP) activity and then be secreted to the extracellular environment or
TP could be released from injured or dead cells to generate 2dDR by the
degradation of thymidine to thymine. They reported that 2dDR acti-
vates NADPH oxidase 2 (NOX2) and triggers the nuclear transcription
factor kappa B (NF-κB), which then upregulates VEGFR2 to promote
angiogenesis (Vara et al., 2018).

Thus, there is small literature in this area which suggests at least
two routes to affect VEGF production or upregulation of VEGFR-2, and
these are not mutually exclusive. The current study provides an im-
portant contribution to our knowledge strongly suggesting that the
angiogenic activity of 2dDR is strongly associated with the production
of VEGF. In the future, experiments need to be carried out to explore
which specific VEGF-A isoforms are being affected by the treatment of
2dDR, which will reveal whether the increase in the VEGF

concentration is due to extracellular secretion or release by the cleavage
of ECM.

5. Conclusion

In conclusion, we aimed to contribute to the knowledge of how
2dDR promotes angiogenesis specifically by determining whether its
pro-angiogenic effect is VEGF-dependent or not. We showed that 2dDR
was angiogenic in vitro and in an ex-ovo CAM assay either with its direct
application or when released from an alginate dressing. No other small
sugar molecules, including 2dLR and DG, were found to induce an-
giogenesis in vitro and in vivo. The VEGF quantification results de-
monstrated that only 2dDR increased VEGF production of ECs when
added directly into the growth medium or when released from com-
mercially available alginate dressings. Other small sugars such as 2dLR
and DG did not increase VEGF production. The 2dDR stability studies
showed that approximately 40–50% of the 2dDR disappeared from the
media over 14 days, either in the presence or absence of HAECs, and the
reduction was higher when cells were present. In parallel with the re-
duction in 2dDR over time, the presence of VEGF was also found to
decrease in the media after day 4. In conclusion, the simplest ex-
planation for our results is that 2dDR achieves angiogenesis by upre-
gulating the production of VEGF.

Ethical approval and consent to participate

The authors state that all CAM assay experiments were carried out
according to the Home Office, UK guidelines.

Consent for publication

Not applicable.

Table 1
Summary of the studies on some small sugars that have been found to promote or inhibit angiogenesis.

Sugars Angiogenesis assays Results Effective doses Reference

2-Deoxy-D-ribose
(2dDR)

In vitro Promotes proliferation, migration and tube formation of ECs 100 μM to 1 mM (Dikici et al., 2019a)
Inhibits hypoxia-induced apoptosis 10 μM (Ikeda et al., 2002)
Induces Matrigel invasion 100 μM (Nakajima et al., 2006)
Stimulates proliferation and migration of ECs 100 μM to 1 mM (Sengupta et al., 2003)
Activates NOX2 which triggers NF-κB and upregulates VEGFR2 8 μM to 1 mM (Vara et al., 2018)

CAM assay Promotes angiogenesis 200 μg/day (Dikici et al., 2019c)
250 μg/1 g of polymer (Dikici et al., 2019c)
1 mg/ml (Yar et al., 2017)

In vivo Promotes angiogenesis and wound healing 1 mg/ml (Yar et al., 2017)
5% or 10% (w/v) in the
dressing

(Azam et al., 2019)

Promotes angiogenesis 2 nmol (Sengupta et al., 2003)
2-Deoxy-L-ribose

(2dLR)
In vitro Suppresses migration and tube formation of ECs 100 μM (Nakajima et al., 2009; Uchimiya et al.,

2002)
Inhibits VEGF production 10 μM to 100 μM (Nakajima et al., 2004)
Promotes hypoxia-induced apoptosis 30 μM to 50 μM (Ikeda et al., 2002)
Inhibits Matrigel invasion of tumours 100 μM (Nakajima et al., 2006)

CAM assay Stimulates angiogenesis 1 mg/ml (Yar et al., 2017)
In vivo Inhibits angiogenesis in a rat corneal assay 200 ng/pellet (Uchimiya et al., 2002)

Promotes angiogenesis in mouse sponge angiogenesis model 2 nmol (Sengupta et al., 2003)
2-Deoxy-D-glucose

(2dDG)
In vitro Inhibits the proliferation, migration and tube formation of ECs,

and induces endothelial apoptosis
60 μM to 9 mM (Merchan et al., 2010)

Inhibits proliferation of cells and reduces ATP levels 3 mM (Tagg et al., 2008)
Inhibits the proliferation, migration and tube formation of ECs 50 μM to 1 mM (Chuang et al., 2015)
Downregulates AKT and ERK pathways and inhibits tube
formation of ECs

600 μM (Kovacs et al., 2016)

Rat aortic ring Inhibits tube formation of ECs 50 μM to 1 mM (Chuang et al., 2015)
In vivo Inhibits angiogenesis 6 mM (Merchan et al., 2010)

D-Glucose
(DG)

In vitro Induces migration and tube formation of ECs 25 mM (Shigematsu et al., 1999)
Inhibits proliferation, migration and tube formation of ECs in a
dose-dependent manner

5 mM to 30 mM (Yu et al., 2006)

Promotes tube formation of ECs and increases COX-2 expression 25 mM to 30.5 mM (Madonna et al., 2016)
Inhibits the tube formation of ECs in a dose-dependent manner 10 mM to 16 mM (Jiraritthamrong et al., 2012)

In vivo Reduced angiogenesis 22 mM (Teixeira and Andrade, 1999)
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