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The aim of the present study was to assess the influence of metformin on the angiogenic ability of secre-
tomes from dental pulp stem cells. The stem cells were obtained from the dental pulp (DPSCs) (n = 3)
using the explant culture method. We treated the DPSCs with different concentrations of metformin
and assessed the expression of the angiogenesis-related genes. We also tested the angiogenic effect of
the secretomes on the yolk sac membrane of the chick embryos by counting the quaternary blood vessel
formations on the yolk sac membrane. We found that metformin treatment enhanced the angiogenic
potential of the stem cell secretome in a dose-dependent manner. This was evidenced by the increase
in the quaternary blood vessel formations in the yolk sac membrane with lower to higher concentrations
of metformin. Pre-treatment with metformin modulates the angiogenic potential of the stem cell-
conditioned media in a dose-dependent manner. The augmentation of the angiogenic potential of the
DPSCs can aid regeneration, especially in scenarios requiring the regeneration of vacuoles.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The primary function of the dental pulp is to sustain homeosta-
sis of the teeth (Rena et al., 2017). Pulps are frequently vulnerable
to various disturbances. The homeostasis of the dental pulp can be
disrupted by injury and inflammation secondary to damage, which
can adversely disturb the restoration of tissue in this critical niche
deficient in blood supply (Gharaei et al., 2018). Regenerative den-
tistry is an emerging field of the dental and oral sciences that aims
to restore injured/missing dental pulp tissue by employing the fun-
damentals of cellular and molecular biology, rather than just con-
servative treatment modalities in endodontics (Kim et al., 2015).
Mesenchymal stem cells (MSCs) are important for mesodermal,
endodermal, and ectodermal lineages (Rodríguez-Lozano and
Moraleda, 2011). MSCs have been isolated from several tissues,
including bone marrow, adipose tissue, umbilical cord, and oral tis-
sues such as dental pulp MSCs (DPSCs) (Raj et al., 2021; Rodríguez-
Lozano et al., 2012; Ducret et al., 2015). Recent studies have shown
promising outcomes of the augmentation of the regenerative
potential of DPSCs using biomolecules. Melatonin strongly influ-
ences the immunomodulatory properties of DPSCs (García-Bernal
et al., 2021). Cobalt chloride-induced hypoxia promotes DPSC sur-
vival and alters its secretome profile and stemness (Bhandi et al.,
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2021). The dental pulp tissue is highly vascularized, which is lar-
gely attributed to the remarkable intrinsic regenerative capability
(Di Pietro et al., 2015). Angiogenesis is vital for the regeneration
and development of the dentin-pulp complex (Bakhashab et al.,
2016). Angiogenesis creates and maintains the continual supply
of blood and transports nutrition, oxygen, and stem cells for the
regeneration of the vasculature (Saghiri et al., 2015).

Angiogenesis is the development of new blood vessels from
existing blood capillaries, which is crucial for wound healing and
tissue repair/regeneration (Yan et al., 2012). Angiogenesis is a mul-
tifaceted procedure that is controlled by cellular and molecular
communications encompassing endothelial cell proliferation and
migration, degradation of the ECM, tube creation, and development
into efficient blood vessels (Mathew and Bhonde, 2017). The inter-
change of pro-angiogenic and anti-angiogenic signals and factors,
such as growth factors, MMPs, enzymes, adhesion molecules,
cytokines, and chemokines, is necessary throughout the formation
of blood vessels and their development. DPSCs are very angiogenic,
and they facilitate the vascularization of tissues through two dis-
tinctive mechanisms: (a) angiogenic factor or paracrine secretions
by resident endothelial cells to augment vascularization or (b)
direct differentiation into the vascular endothelium by imitating
vasculogenesis and development (Garrido et al., 2018). Recently,
several studies have reported that DPSCs secrete pro-angiogenic
and anti-angiogenic proteins under diverse culturing conditions,
which in turn affect the phases of angiogenesis (Markowska
et al., 2018). In addition, DPSCs are adept at endorsing tube forma-
tion in HUVECs in vitro in a paracrine manner as well as with a co-
culture method (Ribot et al., 2017).

Metformin (1,1-dimethylbiguanide hydrochloride) is an oral
anti-hyperglycemic medication extensively used for the treatment
and management of type 2 diabetes mellitus (Pryor and Cabreiro,
2015). The primary mechanism of action is regulated by the activa-
tion of AMPK, which functions as an energy sensor by monitoring
the AMP/ATP status of the cell (Patil et al., 2018). There are contro-
versial reports on the use of metformin for angiogenesis. Met-
formin has been claimed to improve angiogenesis in polycystic
ovary syndrome. However, numerous AMPK-independent proper-
ties of metformin have been reported, implying that metformin
has pleiotropic properties (AS et al., 2018). Metformin affects the
regulation of angiogenesis in in vivo and in vitro study models,
and it is capable of facilitating or disrupting neo-vascularization
largely by regulating the expression of VEGF (Dallaglio et al.,
2014). The therapeutic manipulation of angiogenesis comprises
anti-angiogenic therapies to combat tumor formation and pro-
angiogenic therapies for cardiovascular and wound disorders that
facilitate the formation of new blood capillaries that supply blood
to impaired tissues (Han et al., 2018).

Thus, in this investigation, we aimed to determine whether
metformin pre-treatment enhances the angiogenic ability of the
secretome of DPSCs.
Table 1
List of primers.
2. Materials and methods

The study protocol was approved by the Institutional Ethical
Committee of Sri Venkateswara Dental College and Hospital, Chen-
nai, India (IEC/SVDCH/2115).
Gene Forward Primer Reverse Primer

VEGFA 50-TTG CCT TGC TGC TCT ACC
TCC A-30

50-GAT GGC AGT AGC TGC GCT
GAT A-30

FGF2 50-AGC GGC TGT ACT GCA AAA
ACG G-30

50-CCT TTG ATA GAC ACA ACT
CCT CTC-30

CXCL8 50-GAG AGT GAT TGA GAG TGG
ACC AC-30

50-CAC AAC CCT CTG CAC CCA
GTT T-30

GAPDH 50-GTC TCC TCT GAC TTC AAC
AGC G-30

50-ACC ACC CTG TTG CTG TAG
CCA A-30
2.1. In vitro culture of DPSCs

The isolation and characterization of DPSCs were carried out
using the explant culture method described previously. Briefly,
pulp tissue was minced into tiny fragments, and the pieces were
placed in 35 mm polystyrene plastic culture dishes. A sufficient
amount of fetal bovine serum (FBS) (Gibco, Rockville, MD, USA)
909
was added to the tissues to cover them completely. The explant tis-
sue containing was incubated at 37 �C with 5% CO2 for 24 h; the
entire culture system for the DPSCs was further maintained in
DMEM (Invitrogen, Carlsbad, CA, USA) supplemented with 20%
FBS and antibiotic–antimycotic solution under the same tempera-
ture and CO2 conditions. The culture medium was replenished
twice weekly, and cell growth, health, and morphology were mon-
itored regularly using an inverted phase-contrast microscope. At
70–80% of confluence, the cells were dissociated using 0.25%
trypsin-EDTA solution (Invitrogen, Carlsbad, CA, USA) and trans-
ferred to a larger 25-cm2 polystyrene culture flask (Nunc, Roche-
ster, NY, USA). The confluent DPSCs were dissociated using 0.25%
trypsin-EDTA solution and continuously passaged for expansion
and further experiments. The cells from passages 2–4 were used
in the experiments.
2.2. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay for the proliferation of the cells

The cytotoxicities of various concentrations of metformin
applied to the DPSCs were assessed using the MTT assay. The
DPSCs were seeded into 96-well plates at a cell density of
1 � 104 cells per well and incubated for 24 h. For the MTT assay,
four experimental groups were created: control (untreated),
5 lM metformin, 10 lM metformin, and 20 lM metformin. The
cultures were incubated for 48 h at 37 �C in a 5% CO2 incubator.
Next, the MTT solution (Sigma-Aldrich Corp., St. Louis, MO, USA),
at a concentration of 0.5 mg/ml, was mixed in each well after the
mixing plates were incubated for 4 h at 37 �C. Subsequently, the
medium was removed, and 100 mL dimethyl sulfoxide (DMSO)
(Sigma-Aldrich Corp., St. Louis, MO, USA) was added to each well.
The absorbance was measured at 570 nm using a Multiskan Spec-
trum spectrophotometer (Thermo Scientific, San Jose, CA, USA).
2.3. Real-time quantitative PCR for the analysis of gene expression

The DPSCs were seeded into 12-well plates at a cell density of
1 � 105 cells per well and incubated for 24 h. Four experimental
groups were created for the gene expression analysis: control,
5 lM metformin, 10 lM metformin, and 20 lM metformin. The
cultures were incubated for 48 h at 37 �C in a 5% CO2 incubator.
The total RNA was extracted from the cells using the GeneJET
RNA Purification Kit (Thermo Scientific, Lithuania). RNA (2 lg)
was reverse transcribed using a cDNA synthesis kit (High Capacity,
Applied Biosystems, Carlsbad, CA, USA) according to the manufac-
turer’s guidelines. A total of 100 ng of cDNA was used for a total
reaction volume of 20 lg for each gene. A quantitative analysis
of the genes of interest was carried out using the SYBR Green
PCR master mix (Applied Biosystems, Austin, TX, USA) of a Real-
Time PCR system (QS5, Applied Biosystems, Foster City, CA, USA).
The expression of the target genes related to angiogenesis was nor-
malized to that of GAPDH, as a reference gene, using the DDCt



N. Boreak, Noor Mohammed Abu Khayrat, Ahmed Omar Shami et al. Saudi Pharmaceutical Journal 29 (2021) 908–913
method. The list of genes and primers (Eurofins) is provided in
Table 1.
2.4. DPSC-conditioned medium preparation

For the collection of the DPSC-conditioned medium (DPSC-CM),
the DPSCs were seeded into 6-well plates at a seeding density of
1 � 106 cells per well with DMEM + 10% FBS. For the CM collection,
four experimental groups were created: control, 5 lM metformin,
10 lM metformin, and 20 lM metformin. After 48 h of incubation,
the spent medium (DPSC-CM) was aspirated and collected in ster-
ile tubes. The DPSC-CM was stored at �80 �C until further use.
Fig. 1. Metformin treatment to DPSCs and MTT assay to check the cytotoxicity
to DPSCs after treatment with different concentrations of metformin. (A-D)
Appearance of the DPSCs treated with different concentrations of metformin. Scale
bar = 100 mm. (E) Comparative analysis of proliferation of DPSCs was assessed MTT
assay. (n = 3). ns not significant, *p < 0.05, **p < 0.01.
2.5. Enzyme-linked immunosorbent assay (ELISA) for the analysis of
angiogenic factors in the DPSC-CM

The VEGF and angiopoietin-2 protein levels were analyzed
using the KRIBIOLISA human ELISA kits (Krishgen Biosystems, Los
Angeles, CA, USA). All the saliva samples were diluted 10 times
in PBS, and the protocol was performed according to the experi-
mental instructions provided with the kit. The absorbance was
read at 450 nm using a spectrophotometer (Multiskan FC, Thermo
Scientific, San Jose, CA, USA).
2.6. Testing of the DPSC secretome for angiogenesis employing the
in vivo yolk sac membrane (YSM) model

The YSM assay was performed as previously described else-
where (AS et al., 2018). Briefly, recently fertilized eggs of the white
leghorn chicken were acquired from the hatchery and windowed at
a suitable stage of embryo development. The eggs were distributed
into appropriate groups. Each group consisted of three eggs. The
CMs used for treatment were directly dropped onto the vascula-
ture on the YSM of eggs. After treatment, the windows were sealed
using tape. After incubation for 24 h at 37.5 �C with 70–80% of
humidity. After 24 h, the shells of the eggs were cut open to the
equatorial area to uncover the whole spread of blood vessels on
YSM. Photographs of the YSMs were captured using a camera for
comparative analysis and quantitation. Images of the YSMs were
selected and resized appropriately. A square of appropriate size
was gated on the parts where the effect of the CM was observed.
The total number of quaternary blood vessels was manually
counted. The angiogenic effects of the various CMs were compared
with those of parallel controls.
2.7. Statistical analysis

Each experiment was performed in triplicate. The results are
presented as the mean ± standard deviation of three independent
experimental values for all the three samples. Each treatment
group was individually compared with the control group, and the
data for each cytokine were analyzed using unpaired t-test (two-
tailed); GraphPad Prism 8 software (GraphPad Software, La Jolla,
CA, USA) was used for the analysis. P < 0.05 was considered as sig-
nificant, and p < 0.01 was considered as highly significant (ns not
significant, *p < 0.05, and **p < 0.01).
3. Results

3.1. Metformin does not affect the metabolic activity of DPSCs

The DPSCs treated with three different concentrations of met-
formin were compared with the control DPSCs without any treat-
ment (Fig. 1A-1D). There was no significant increase or decrease
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in the metabolic activity of the DPSCs after metformin treatment,
even at the high concentration of 20 mM (Fig. 1E).

3.2. Metformin treatment augments the expression of angiogenesis-
related genes and triggers angiogenic factor secretion in DPSCs

DPSCs treated with metformin demonstrated significantly
increased expression of the VEGFA, FGF2, and CXCL8 genes (Fig. 2-
A-2C, Table 2). In addition, metformin treatment significantly aug-
mented VEGF and angiopoietin-2 secretion in the conditioned
media of the DPSCs (Fig. 2D and 2E, Table 3).

3.3. Conditioned media from metformin pre-treated DPSCs
significantly enhance angiogenesis in in ovo models of YSM

As evidenced in the YSM models treated with conditioned
media obtained from the metformin pre-treated DPSCs, angiogen-
esis increased significantly in a dose-dependent manner (Fig. 3A-
3H). DPSC-CM alone showed enhanced angiogenesis, comparable
to that in cells treated with arginine. Angiogenesis increased with
increasing concentrations of metformin (Fig. 4). Compared with
treatment with controls and lower concentrations of metformin,
treatment with DPSC-conditioned media pretreated with higher
concentrations of metformin facilitated superior vasculature with
a significantly increased number of quaternary blood vessels in
comparison (Table 4).

4. Discussion

The regenerative potential of DPSCs is well-established,
although its clinical application is largely impeded by senescence.
Thus, researchers have constantly used biomolecules to prolong
the regenerative potential of DPSCs by inhibiting senescence. Met-
formin has been shown to attenuate senescence in DPSCs with
100 lM metformin, inducing the highest rate of DPSC proliferation
(Zhang et al., 2021). In addition to inhibiting senescence, research-
ers have explored ways to augment several key properties, includ-
ing the potential for odontogenic, osteogenic, and angiogenic
differentiation, which carry a wide array of potential clinical appli-
cations. The odontogenic potential of DPSCs was augmented by
seeding into a scaffold of calcium phosphate cement containing
chitosan and metformin (Qin et al., 2018). Metformin-containing
resin was used to augment the regenerative potential of DPSCs
by enhancing their odontogenic potential and mineral-



Fig. 2. Metformin treatment to DPSCs to check the gene expression of angiogenesis related genes and angiogenic factors in DPSC-CM. (A-C) Comparative gene
expression analysis of VEGFA, FGF2, and CXCL8 in with and without metformin treated DPSCs. (D & E) Conditioned media from DPSCs were evaluated by using ELISA to decide
the protein expression levels of VEGF and angiopoietin-2. (n = 3). ns not significant, *p < 0.05, **p < 0.01. VEGFA: Vascular endothelial growth factor A, FGF2: Basic fibroblast
growth factor, CXCL8: Chemokine (C-X-C motif) ligand 8, VEGF: Vascular endothelial growth factor, DPSC-CM: Dental pulp stem cell-conditioned media, Met: Metformin.

Table 2
Relative gene expression of angiogenesis related genes.

Gene Control 5 lM metformin 10 lM metformin 20 lM metformin

VEGFA 0.000546 ± 0.000158 0.0096 ± 0.0029 0.065 ± 0.013 0.91 ± 0.24
FGF2 0.00874 ± 0.0016 0.046 ± 0.0091 0.052 ± 0.0082 0.83 ± 0.15
CXCL8 0.00259 ± 0.00049 0.082 ± 0.019 0.42 ± 0.082 0.92 ± 0.13

Table 3
Angiogenic factors in DPSC-CM.

Angiogenic factors DPSC-CM DPSC-CM + 5 lM Met DPSC-CM + 10 lM Met DPSC-CM + 20 lM Met

VEGF 16.62 ± 0.70 22.83 ± 3.89 40.09 ± 3.83 96.75 ± 8.48
Angiopoietin-2 56.86 ± 4.26 62.23 ± 5.13 80.32 ± 7.23 255.07 ± 21.16
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synthesizing ability by 9 folds (Wang et al., 2019). Metformin at a
concentration of 100 mol/L augmented the DPSC potential for
osteogenic differentiation, attachment, and proliferation of bipha-
sic granules (Houshmand et al., 2018). The use of a serum-free cul-
ture medium constituting B27, heparin, and growth factors, such as
VEGF-A165, augmented the DPSC potential for vasculogenesis, as
evidenced by the generation of vascular tubules in 3D cultures
(Luzuriaga et al., 2020). The transduction of B-cell lymphoma 2
green fluorescent protein lentiviral particles attenuates apoptosis
911
in DPSCs, while hypoxic conditions augment their angiogenic
potential (Dissanayaka et al., 2020).

Published literature has shown that therapeutic angiogenesis
for dental pulp or other tissue regeneration and repair involve sig-
naling molecules that create an angiogenic niche. The regulatory
process of angiogenesis in a spatio-temporal mode is a complex
interaction between diverse pro-angiogenic and anti-angiogenic
factors (Pryor and Cabreiro, 2015). The role of the DPSC secretome
in promoting or inhibiting the formation of blood vessels, compris-



Fig. 3. Screening of angiogenesis was performed by utilizing the in ovo YSM
model. (A-H) The squares around the certain areas signify the areas which were
compared to quantify the angiogenesis. (n = 3).

Fig. 4. Comparative effect of DPSC-conditioned medium on in ovo YSM blood
vessels of chick embryo. Action of metformin pre-treated DPSC-conditioned
medium displays better vasculature with the upsurge in the quaternary blood
vessel number in comparison with control groups and lower concentrations. (n = 3).
ns not significant, *p < 0.05, **p < 0.01. DPSC-CM: Dental pulp stem cell-conditioned
media, Met: Metformin.

Table 4
Number of quaternary blood vessels after treatment with DPSC-CM.

Concentration Number of quaternary blood vessels

Master Control 18.0 ± 2.4
Vehicle Control (MEM) 21.7 ± 3.4
Cisplatin (Negative control) 12.3 ± 2.5
L-Arginine (Positive control) 42.3 ± 6.9
DPSC-CM 38.0 ± 4.5
DPSC-CM + 5 lM Met 35.3 ± 3.7
DPSC-CM + 10 lM Met 46.0 ± 5.9
DPSC-CM + 20 lM Met 83.3 ± 9.0
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ing its impeding effects on the behavior of endothelial cells, is of
great significance in optimizing the regeneration and repair of den-
tal pulp (Mathew and Bhonde, 2017). It has been acknowledged
that in vitro MSCs secrete trophic factors, including mitogenic,
angiogenic, anti-apoptotic, chemoattractants, immunomodulatory,
cytokines, extracellular matrix proteins, and immunomodulatory
factors (Dallaglio et al., 2014). However, the secreted signaling
molecules vary with cell type, duration, and conditions for cultur-
912
ing. Consistent with the findings of the aforementioned studies,
our investigation revealed that the DPSC secretome promotes
angiogenesis (Garrido et al., 2018). Remarkably, with the increased
concentrations, the metformin-treated DPSC secretome showed an
increasing capability to promote angiogenesis (Figs. 3 and 4). With
the increasing concentrations of metformin, DPSCs showed an
increase in the expression of angiogenesis-related genes and
secreted angiogenic factors, which are responsible for promoting
and enhancing angiogenesis (Fig. 2). This in vivo assessment estab-
lished that the secretome from DPSCs can stimulate noticeable
angiogenic effects. Therefore, the significant effect of the DPSC
secretome on angiogenesis, otherwise with metformin, may be a
consequence of the additional or synergistic exploitation of various
soluble growth factors. The synergistic actions of molecules pre-
sent in the secretome are important for the therapeutic claims
associated with angiogenesis. Nevertheless, comprehensive pro-
teomic examinations to determine the amount of recognized pro-
teins responsible for angiogenesis in the DPSC secretome and
in vitro and in vivo investigations are necessary to confirm the
findings of this study and estimate the latent effect of metformin
on the augmentation of these factors and the restoration of the
tissues.

Therapeutic angiogenesis is of utmost importance in regenera-
tion and wound healing. Stem cells are considered to have para-
crine pro-angiogenic effects. Additionally, stem cells can be
primed to enhance their angiogenic effects. Although we showed
the enhanced angiogenic potential of DPSCs treated with met-
formin, it is necessary to explore the interactions between DPSCs
and endothelial cells. Additionally, whether DPSCs can act as
endothelial cells giving rise to blood capillaries should be investi-
gated. Importantly, it would be interesting to determine whether
DPSCs treated with metformin can induce angiogenesis in vivo.

5. Conclusion

Pre-treatment with metformin enhanced the angiogenic poten-
tial of the secretome of DPSCs, as evidenced by the increase in the
quaternary blood vessels in the chick embryo YSM model after
treatment with the DPSC secretome.
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