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Abstract
Lipopeptide biosurfactants (LPBs) display unique properties with widespread therapeutic applications. Recently, the wound 
healing activity of LPBs has received more attention. However, few investigations have focused on the healing mechanisms of 
these compounds, particularly those that are associated with the angiogenic pathways. Therefore, the current study aimed at 
investigating the effect of a natural LPB produced by Acinetobacter. junii B6 on the angiogenic potential of human umbilical 
vein endothelial cells (HUVECs). The proliferation, migration, and three-dimensional tube forming potential of HUVECs 
were examined after treatment with LPB. By using western blotting, the expression of angiogenic-related genes such as 
hypoxia-inducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) were also measured. LPB demonstrated 
no significant proliferative or cytotoxic effect on HUVECs at the concentrations lower than 600 µg/mL. Moreover, LPB at a 
concentration of 300 µg/mL caused a significant increase in the rates of migration and tube formation of HUVECs. LPB also 
enhanced the protein expression levels of HIF-1α and VEGF in HUVECs in a dose-dependent manner. The present results 
suggest that LPB might be considered a potential wound healing agent by modifying some angiogenic factors.
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Introduction

Acinetobacter junii derived lipopeptide biosurfactants 
(LPBs) are low-molecular-weight biosurfactants comprising 
of hydrophobic moieties (unsaturated or saturated hydrocar-
bon chains of fatty acids) and hydrophilic peptide chain parts 
(Ohadi et al. 2018; Ohadi et al. 2017a). In addition, their 

surface tension reducing effect leads to antibacterial activ-
ity against many Gram-positive and Gram-negative bacteria 
(Ohadi et al. 2020). Such properties help to overcome the 
delayed wound healing processes resulting from bacterial 
infection and encourage their use as wound healing agents 
(Lydon et al. 2017). LPBs have been reported to increase 
the healing impact of excision wounds, most likely through 
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their notable antioxidant capacity and scavenging activities 
against the reactive oxygen species (ROS) molecules (Ohadi 
et al. 2017b). Previous studies have highlighted the wound 
healing activity of some biosurfactants (Naughton et al. 
2019; Stipcevic et al. 2006; Zouari et al. 2016). However, 
few studies have evaluated the mechanisms behind their 
wound-healing effect, especially those associated with the 
angiogenic process.

A wound is defined as damage to the continuity of epithe-
lial tissue or mucosa caused by physical, thermal or medi-
cal intervention injuries. Wound healing is a regenerative 
process to regenerate damaged tissues by four overlapping 
phases or steps, namely hemostasis, inflammation, prolifera-
tion, and migration (Gupta et al. 2017). It has been depicted 
that hypoxia-inducible factor-1 (HIF-1) acts as a master 
transcription factor, involved in all stages of the wound 
healing process by triggering cellular survival, prolifera-
tion, migration, and secretion of growth factors (Mirzamo-
hammadi et al. 2016b; Ruthenborg et al. 2014). HIF-1 is a 
heterodimeric complex composed of two subunits, namely 
HIF-1α and HIF-1β. In hypoxic situations, HIF-1α is sta-
bilized and enhances the manifestation of several hundred 
genes, such as those involved in the angiogenesis process 
(Semenza et al. 1997). HIF-1 and its target genes, such as 
the vascular endothelial growth factor (VEGF) gene, initiate 
the formation of new blood vessels and angiogenesis during 
the healing process. It has also been indicated that VEGF 
signaling is an essential rate-limiting phase in physiological 
angiogenesis (Miralles Socías et al. 2005).

Given the important role of angiogenesis and the HIF-1 
pathway in the wound healing procedure, the current in vitro 
investigation aimed to study the impacts of LPB on the angi-
ogenic potential of human umbilical vein endothelial cells 
(HUVECs).

Materials and Methods

Production and Characterization of Lipopeptide 
Biosurfactant

Based on our previous studies, (Ohadi et al. 2018; Ohadi 
et al. 2017a) LPB was synthesized by A. junii B6 (Gen-
Bank accession KT946907) isolated from oil-polluted soil. 
The produced LPB was then purified by two consecutive 
steps of acid precipitation and solvent extraction methods 
followed by spectroscopic analytical characterization which 
confirmed their suggested structure.

The Culture of Cells

All of the materials were purchased from Invitrogen (Carls- 
bad, USA). We acquired HUVECs from the Pasteur Institute 

(Tehran, Iran). The cells were cultured in DMEM/F12 
medium mixed with 10 % FBS, 100 U/mL penicillin, and 
100 µg/mL streptomycin (Ohadi et al. 2020).

Cytotoxicity Assessment

The cytotoxicity effect of LPB was evaluated in 96-well 
cell culture plates. Cells were seeded at a density of 5 × 103 
cells per well and incubated for 24 h. Afterwards, LPB was 
added to each well at the concentrations of 0-600 µg/mL and 
incubated for a further 24 h. Subsequently, cell viability was 
assessed as previously described (Raeiszadeh et al. 2018). 
The MTT solution (Sigma; 5 mg/mL in PBS) was added 
to the wells and the cells were kept in the darkness for 4 h. 
Dimethyl sulfoxide (DMSO) was then added (100 µL), and 
the absorption was recorded at 570 nm with a microplate 
reader (BioTekInc., Winooski, USA). Cell viability was 
determined and expressed as a percentage of control. All 
the experiments were carried out in triplicates (Behnam 
et al. 2018).

Evaluating the Migratory Impact of LPB on HUVECs

HUVECs were seeded in 12-well plates at a similar dense-
ness and kept to reach the 70–80 % confluence. Scratches 
were created via scraping the cells using 100 µL sterile filter 
tips. Cellular debris was detached by rinsing in PBS. Subse-
quently, the wells were filled with serum-free medium and 
three different concentrations of LPB (0, 125, and 300 µg/
mL). Twenty-four hours later, the migration rate was calcu-
lated according to a previously described methods (Raeisza-
deh et al. 2018).

HUVECs Capillary Tube Formation in Three‑ 
Dimensional Collagen Gel

To measure three-dimensional tube formation, HUVECs 
were uniformly loaded on Cytodex 3 microcarrier beads, 
as previously described (Mehrabani et al. 2015). The beads 
were then plated in 96-well plates followed by overnight 
incubation at 37 °C. Loaded beads were placed on the col-
lagen matrix, and allowed to solidify. Serum-free media 
containing LPB at different concentrations (0, 125, and 
300 µg/mL) were subsequently added to each well. After 
24 h, sprout formation was photographed and analyzed using 
NIH Image J software (Griffith et al. 2005).

Evaluating the Protein Expression of HIF‑1α 
and VEGF

Using ice-cold 1X RIPA lysis buffer, HUVECs were lysed 
and centrifuged (at 13,000 g/4 °C, for 20 min) and the super-
natant was collected to determine total protein using the 
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Bradford method (Bradford 1976). A part of the samples 
was loaded on sodium dodecyl sulphate polyacrylamide 
gels for one hour at 150 mV. The proteins were conveyed 
from the gel to the polyvinylidene fluoride membrane, which 
was incubated overnight in a diluted primary antibody in 
blocking buffer (2 %) at 4 °C. The antibodies used in this 
study included rabbit monoclonal antibody against HIF-1α 
(1:1000), mouse polyclonal antibody against VEGF (1:500), 
and rabbit anti- β-actin (1:5000). Using a secondary anti-
body, the membranes were incubated for one hour. Enhanced 
chemiluminescence reagents were applied for visualizing the 
antibody-reactive bands followed by determining their densi-
ties using NIH Image J software as an indication of the band 
densities (Mirzamohammadi et al. 2016a).

Statistical Analyses

Data analysis was carried out using Prism software version 
8.1. The difference between the treatment groups was calcu-
lated via one-way analysis of variance (ANOVA) and t-test. 
The mean difference was measured using Tukey’s multiple 
comparisons test and p-value ≤ 0.05 was considered signifi-
cant. All the experiments were carried out in triplicates.

Results

Cytotoxic Effect of LPB

The results of the MTT assay used to evaluate the cytotoxic 
effect of LPB concentrations (0-600 µg/mL) on HUVECs are 
depicted in Fig. 1. LPB at the concentrations of 0–300 µg/
mL had no significant cytotoxic or proliferative effects on 
HUVECs after 24 hours. Only at the highest applied con-
centration (600 µg/ml), a substantial reduction in viability 
of HUVECs was observed (p ≤ 0.01).

The Migration Rate of HUVECs Increased by LPB 
Treatment

As shown in Fig.  2, at concentration of 300  µg/mL of 
LPB (P < 0.001), cell migration of HUVECs significantly 
increased in comparison with the control (serum-free 
medium). Non-significant alteration in the migration rate 
was perceived between the concentration of 125 µg/mL LPB 
and serum-free media treated cells.

LPB Improved Tube Formation in a Three‑ 
Dimensional Angiogenesis Model

LPB at a concentration of 300 µg/mL (P < 0.001) demon-
strated significantly higher levels of endothelial cell sprout 
formation in comparison to the control (serum-free medium) 
(Fig. 3). Although it seems that LPB at a concentration of 
125 µg/mL increased the levels of sprout formation, this 
increase was not statistically significant.

LPB Increased HIF1α and VEGF Protein Expression 
in HUVECs

The western blotting assay was used to evaluate the protein 
expression of HIF1α, and its downstream target gene, VEGF, 
in HUVECs. The results indicated that LPB increased 
protein expression levels of both HIF1α and VEGF in 
HUVECs. HIF1α expression was increased in HUVECs at 
the LPB concentration of 300 µg/mL (P < 0.001) and 125 µg/
mL (P < 0.05) (Fig. 4). Furthermore, VEGF expression 
increased in HUVECs at the LPB concentration of 300 µg/
mL (P < 0.001) in comparison to the non-treated HUVECs 
as control (Fig. 5).

Discussion

Wound healing is a homeostasis process, in which the tissue 
matrix collagen is re-epithelized and reconstructed (Zouari 
et al. 2016). Wound healing is an innate immune response; 
however, ROS production, inflammation, and microbial 
infection in the tissue can hinder its process and increase 
the risk of secondary diseases (Zhao et al. 2016). Thus far, 
efforts have been made to find more effective therapeutic 
methods (Gupta et al. 2017). Since biocompatibility and 
safety are two ideal properties of topical wound therapies, 
biosurfactants can be considered as promising alterna-
tive therapies due to their antimicrobial, antioxidant, and 
anti-inflammatory characteristics (Ayed et al. 2015; Ohadi 
et al. 2017b; Zouari et al. 2016). For example, Sana et al. 
(Miralles Socías et al. 2005) investigated the wound healing 
properties of rhamnolipid produced by Pseudomonas aerug-
inosa C2. They reported that rhamnolipid accelerated wound 

Fig. 1  Cytotoxic effect of LPB on the HUVEC cell line expressed 
as the percentage of viability after 24 h exposure period. ** P < 0.01 
compared to the control group
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healing through its antimicrobial activity. In our previous 
works, we reported that LPB generated by A. junii B6 had 
free radical scavenging properties and antimicrobial effects 
and ameliorated histopathological remission in an excision 
wound model (Ohadi et al. 2020; Ohadi et al. 2017b). In 
addition to the antimicrobial and antioxidant activities, in 
the current report, we evaluated the effect of LPB on angio-
genesis as another mechanism involved in physical wound 
healing (Li et al. 2003). In developing capillary sprouts, the 
vascular basement membrane is digested and penetrated by 
endothelial cells. Endothelial cells also invade the extracel-
lular matrix stroma and produce tube-like structures that can 
extend, branch, and develop networks. They are pushed by 
their proliferation from the back and pulled with chemotaxis 
from the front (Tonnesen et al. 2000). It has been depicted 
that proliferation, migration of cells into damaged tissues 

and capillary cell tube formation are the most essential steps 
in angiogenesis and proper wound healing (Stipcevic et al. 
2005). Many key factors are involved in these steps, among 
which HIF-1α and VEGF are the most important (McCOLL 
et al. 2004; Raeiszadeh et al. 2018). Poor wound repairing or 
chronic wounds are partly associated with a lack of HIF-1α 
while improving HIF-1α expression facilitates wound heal-
ing (Miralles Socías et al. 2005; Raeiszadeh et al. 2018). We 
have depicted that LPB stimulated the migration of endothe-
lial cells and tube formation, which are significant step in 
angiogenesis (Figs. 2 and 3). Moreover, LPB could signifi-
cantly increase the amounts of HIF-1α and VEGF protein 
expression in HUVECs compared with the control group 
(Figs. 4 and 5). Similarly, surfactin, a lipopeptide biosur-
factant, produced by Bacillus subtilis, had wound healing 
activity probably through inducing keratinocyte migration, 

Fig. 2  Evaluation of HUVECs migration rate in response to LPB 
treatments. a  Representative images of HUVECs migration rate 
visualized by inverted microscopy after 24  h. b  Quantification of 
HUVECs migration rate by NIH Image software. Values are rep-

resented as mean ± SEM of triplicates. *** P < 0.001 and **** 
P < 0.0001 compared to the control group. The scale bar equals to 
100 µm with magnification of 10x
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and enhancing the expression of HIF-1α and VEGF (Yan 
et al. 2020). A previous investigation also demonstrated that 
chemotaxis and chemokinesis of leukocytes could be stimu-
lated by microbial derived surfactants (Stipcevic et al. 2006). 
Thus, it could be proposed that LPB can increase the pre-
mature migration of inflammatory cells to the wound site 
without stimulating a constant, unusual accumulating of 
neutrophils and mononuclear cells in the damaged tissue 
(Beck et al. 1991). Although the current results demon-
strated that LPB did not significantly affect the prolifera-
tion rate of HUVECs, Stipcevic et al. (2005), proposed that 
di- rhamnolipid, a glycopeptide produced by Pseudomonas
aeruginosa, stimulated keratinocyte proliferation and dif-
ferentiation. Consistent with findings of the current study,
Duarte et al. demonstrated that a surfactin from Bacillus
subtilis 573 and a glycoprotein generated by Lactobacillus
paracasei did not affect the viability of normal fibroblasts
cells while decreasing the viability of breast cancer cell

lines (Duarte et al. 2014). However, the functional role of 
biosurfactants for increasing the expression of HIF-1α and 
VEGF protein has not been well known. In normoxia, pro-
lyl hydroxylase domain proteins (PHDs) trigger hydroxy-
lation of two prolines residues in the oxygen degradation 
domain of HIF-α that leads to the its degradation. Besides 
 O2, PHDs also require other cofactors to be activated includ-
ing  Fe+ 2. So, iron chelating agents by inhibition of PHDs 
could stabilize HIF-α and protect it from further degradation 
(Fan et al. 2014). It could be speculated that iron chelating 
capacity of biosurfactants may be a possible explanation for 
its elevating effect on HIF-1α and its downstream genes. 
Hemlata et al. (Hemlata et al. 2015) demonstrated the iron 
chelating ability of glycolipid biosurfactant produced by 
Stenotrophomonas maltophilia NBS-11. They suggested that 
produced biosurfactant as an iron chelators could be pro-
tected cells against oxidative stress. Also, previous studies 
demonstrated that iron chelators can increase the expression 

Fig. 3  Effect of LPB on tube formation rate in HUVECs. a  Repre-
sentative images of tube formation extent in HUVECs in response to 
various concentrations of LPB treatment. b Quantification of sprout 
forming potential by HUVECs evaluated via NIH image software. 

Values are represented as mean ± SEM of triplicates. *** P < 0.001 
compared to the control group. The scale bar equals to 100 µm with 
magnification of 10x
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of VEGF and HIF 1-α protein, which positive effect on angi-
ogenesis process (Wright et al. 2014).

Conclusions

Our results may indicated the possible mechanism of LPB 
molecules in the wound healing process and also confirmed 
that LPB could be used as a reliable source of active con-
stituents for accelerating wound healing, probably through 
the improvement the amounts of HIF-1α and VEGF protein 
expression in HUVECs. Nevertheless, it is suggested that 
more studies be conducted to explore the relative mechanism 
in angiogenesis.
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