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One of the most relevant diabetes complications is impaired wound healing, mainly
characterized by reduced peripheral blood flow and diminished neovascularization together
with increased inflammation and oxidative stress. Unfortunately, effective therapies are currently
lacking. Recently, the amniotic membrane (AM) has shown promising results in wound
management. Here, the potential role of AM on endothelial cells isolated from the umbilical
cord vein of gestational diabetes-affected women (GD-HUVECs), has been investigated.
Indeed, GD-HUVECs in vivo exposed to chronic hyperglycemia during pregnancy
compared to control cells (C-HUVECs) have shown molecular modifications of cellular
homeostasis ultimately impacting oxidative and nitro-oxidative stress, inflammatory
phenotype, nitric oxide (NO) synthesis, and bioavailability, thus representing a useful model
for studying the mechanisms potentially supporting the role of AM in chronic non-healing
wounds. In this study, the anti-inflammatory properties of AM have been assessed using a
monocyte–endothelium interaction assay in cells pre-stimulated with tumor necrosis factor-α
(TNF-α) and through vascular adhesion molecule expression and membrane exposure,
together with the AM impact on the nuclear factor kappa-light-chain-enhancer of activated
B cell (NF-kB) pathway and NO bioavailability. Moreover, GD-HUVEC migration and tube
formation ability were evaluated in the presence of AM. The results showed that AM significantly
reduced TNF-α-stimulated monocyte–endothelium interaction and the membrane exposure of
the endothelial vascular and intracellular adhesion molecules (VCAM-1 and ICAM-1,
respectively) in both C- and GD-HUVECs. Strikingly, AM treatment significantly improved
vessel formation in GD-HUVECs and cell migration in both C- and GD-HUVECs. These
collective results suggest that AMpositively affects various critical pathways in inflammation and
angiogenesis, thus providing further validation for ongoing clinical trials in diabetic foot ulcers.
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INTRODUCTION

Hyperglycemia-induced endothelial dysfunction contributes to
the development of inflammation and impaired angiogenesis in
diabetes mellitus (Kolluru et al., 2012). Diabetic patients have
lower ability to metabolize glucose resulting in hyperglycemic
conditions making them more susceptible to inflammation and
infection (Kolluru et al., 2012) which may contribute to diabetic
wound impairment. It is estimated that 15% of patients with
diabetes may develop foot ulcers, responsible for 50% of all
diabetes-related hospitalization with negative effects on quality
of life and a significant impact also on the healthcare economics
(Ahmad, 2016). The formation of skin ulceration in a diabetic
foot is a severe medical condition that, without correct healing,
can lead to amputation (Bandyk, 2018). Many factors may
contribute to impaired wound healing, among which are
altered inflammatory response, decreased angiogenesis,
progressive skin connective tissue atrophy, and oxidative stress
(Tentolouris et al., 2021).

After wounding, endothelial cells are activated, a wide
spectrum of cell surface adhesion molecules are overexpressed
and leukocytes, neutrophils, and macrophages are recruited to
perform the inflammatory and proliferative phases (Okonkwo
and Dipietro, 2017). One of the major mediators of this event is
the activation of nuclear factor kappa-light-chain-enhancer of
activated B cell (NF-kB) pathway triggering, in turn, the
upregulation of the expression of the vascular cell adhesion
molecules (VCAM-1) and intercellular cell adhesion molecules
(ICAM-1) in response to various inflammatory cytokines (Di
Tomo et al., 2012).

In addition to inflammation, delayed healing of diabetic
wounds is also characterized by impaired angiogenesis
responses (Abaci et al., 1999; Waltenberger et al., 2000; Eelen
et al., 2015) leading to chronic wounds due to a lack of preventive
and adequate interventions. Moreover, nitric oxide (NO) plays a
key role in regulating many aspects of inflammatory responses
and angiogenesis (Wallace, 2005). Indeed, it is well known that
NO is able, under normal conditions, to promote angiogenesis,
migration, and proliferation of fibroblast, epithelial cells,
endothelial cells, and keratinocytes (Efron et al., 2000). In
diabetic foot ulcers (DFUs), hyperglycemia increases vascular
super dioxide (O2-) production leading to NO inactivation that
subsequently contributes to vascular dysfunction and foot ulcer
development (Boykin, 2010).

Therefore, strategies to reduce inflammation and to
simultaneously enhance neovascularization may dramatically
improve the quality of life of these patients and significantly
reduce the global biomedical burden. Nowadays, among recent
DFU therapeutic applications, the amniotic membrane (AM) is
one of the most promising ones (Zelen 2013; Valiente et al., 2018;
Tettelbach et al., 2019; Doucette et al., 2020). AM, as a wound
dressing, has been used for over a century and it is an ideal
biological graft. AM is made up of a single epithelial cell layer, a
thick basement membrane, and an avascular stroma (Silini et al.,
2020). So far, many studies regarding the application of AM in
DFU have been performed not only to test new possible
applications but also to identify processing protocols (Lakmal

et al., 2021). However, the role of AM and the mechanisms
underlying inflammation and angiogenesis are not fully
understood. Thus, to know the effect of AM on endothelial
cells during AM treatment of DFUs would be desirable to
understand its role in this condition.

Recently, the availability of cellular models representing
endothelium affected by hyperglycemic conditions had become
very useful to investigate the mechanisms of the disease and assay
concrete therapeutic options. Interestingly, we have employed
cultured endothelial cells that in vivo were exposed to chronic
hyperglycemia during pregnancy (Di Fulvio et al., 2014).

Indeed, our previous results showed that these cells, isolated
from the human umbilical cord veins of women affected by
gestational diabetes (GD-HUVECs), exhibit epigenetic
modifications leading to a durable pro-inflammatory
phenotype potentially predisposing to endothelial dysfunction
(Di Fulvio et al., 2014; Di Tomo et al., 2021). Thus, GD-HUVECs
can be used as a valuable model for studying the diabetic
endothelium typical of DFUs. Moreover, HUVECs have been
commonly used to study molecular and signaling mechanisms
related to angiogenesis, a wound repair fundamental process that
involves endothelial cell activation, migration, and proliferation
(Medina-Leyte et al., 2020).

In this study, by stimulating GD-HUVECs with a pro-
inflammatory stimulus such as a low level of tumor necrosis
factor-alpha (TNF-α), we have generated an environment like the
one found in diabetic foot ulcer endothelium. Therefore, by using
this model we have investigated mechanisms through which AM
can affect inflammation, migration, and angiogenesis to better
understand its positive role in the diabetic chronic wound
environment.

MATERIALS AND METHODS

HUVEC Cultures and Experimental Protocol
This study was carried out on HUVECs isolated from the
umbilical cord veins of newborns delivered between the 36th
and the 40th gestational week at the Hospital of Chieti and
Pescara (Italy) from randomly selected mothers affected by
gestational diabetes (GD) and healthy Caucasian mothers
(control, C), according to previously published methods (Ucci
et al., 2019). All procedures agreed with the ethical standards of
the Institutional Committee on Human Experimentation
(reference number 1879/09COET) and with the Declaration of
Helsinki principles. The protocol was approved by the
Institutional Review Board and informed consent was signed
by each participating subject. Briefly, umbilical cords were
collected immediately after delivery, then umbilical cord veins
were cannulated and perfused with 1 mg/ml collagenase1A at
37°C and HUVECs collected in a endothelial growth medium
(HUVECmedium) composed by DMEM/M199 (1:1) supplemented
with 1% L-glutamine, 1% penicillin–streptomycin, and 20% fetal
bovine serum (FBS). Then, the cell suspension was centrifuged at
1,200 rpm for 10min and the cell pellet was resuspended in a
HUVEC medium and plated on 1.5% gelatin-coated tissue culture
plates. Primary C-HUVECs and GD-HUVECs were characterized as

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org July 2022 | Volume 10 | Article 8548452

Pipino et al. Amniotic Membrane Effect on GD-HUVECs

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


von Willebrand factor positive and alpha-smooth muscle cell actin
negative; for all experiments, the cells were in vitro used between the
3rd and 5th passage.

Related to the amniotic membrane, the samples and data from
patients included in this study, who gave the written informed
consent, were collected, processed, and provided by the Biobanco
en Red de la Región de Murcia, BIOBANC-MUR, registered on
the Registro Nacional de Biobancos with registration number
B.0000859, and were processed following the standard operating
procedures with an appropriate approval of the Ethical and
Scientific Committees.

HUVECs were grown on 1.5% gelatin-coated tissue culture
plates (Sigma-Aldrich) in a complete low-glucose (1 g/L) DMEM
and M199 medium (ratio 1:1) supplemented with 20% FBS,
10 μg/ml heparin and 50 μg/ml endothelial cell growth factor,
1% penicillin/streptomycin, and 1% L-glutamine (all from
Biowest, Nuaillé, France) (standard medium).

All experiments were performed in technical triplicate using at
least three different cellular strains (n = 3) of C- and GD-
HUVECs following the experimental protocols illustrated in
Supplementary Figure S1.

AM Collection and Storage
The amniotic membrane was prepared as previously described
(Ruiz-cañada et al., 2017). Briefly, the term placenta from healthy
donor mothers, average age of 36, was obtained from
uncomplicated cesarean section. The fetal membranes were
washed in physiological saline solution (PSS) (B.Braun,
Barcelona, Spain) supplemented with 50 μg/ml amphotericin
(Bristol-MyersSquibb, Madrid, Spain), 48 μg/ml clotrimazole
(Almirall-Prodesfarma, Barcelona, Spain), 50 μg/ml tobramycin
(Laboratorios Normon, Madrid, Spain), and 50 μg/ml
vancomycin (Laboratorios Hospira, Madrid, Spain) and
rapidly transferred to the laboratory under sterile conditions.
Under a laminar flow cabinet, the amnion was mechanically
peeled from the chorion, washed three to four times with 200 ml
of PBS (Biowest, Nuaillé, France), and flattened onto the sterile
nitrocellulose paper (Pierce, Thermo Fisher Scientific, Waltham,
MAUnited States) with the amniotic epithelium surfaced up, and
the spongy layer facing and sticking to the nitrocellulose paper.
Then, the paper with adhered membrane was cut into 1 cm ×
1 cm fragments. Freshly cut AM fragments were separated from
paper pieces and placed in a sterile vial containing a freezing
solution made of 10% dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, St Louis, MO, United States), 4% human albumin
(Grifols, Bercelona, Spain) in the DMEM (Biowest, Nuaillé,
France) medium and then frozen at −80°C and later preserved
in liquid nitrogen until further use. On the day of the experiment,
AM pieces were thawed at 37°C, then the pieces were washed
three times with DMEM, and placed at 37°C in a 7.5% CO2

incubator for 2 hours for the re-vitalization of the amniotic
membrane cells. Then, the appropriate number of AM pieces,
related to the number of cells/culture plate area, was used for the
desired experiment. Briefly, for the use of the amniotic
membrane, we established a ratio of number of pieces of
amniotic membrane per cultivated cell surface. The AM (1
square centimeter pieces) was used following this rationale:

one piece of AM in a well of a 24 well plate (cell migration
andMatrigel tube formation assays), three pieces for a 6 well plate
well (flow cytometry assay, Western blot, monocyte adhesion
assay, and gene expression assay) or five to six pieces in a 5 cm
diameter plate (immunofluorescence assay). For the experiment
replicates, a different AM donor was employed each time.

Ribonucleic Acid Isolation and Real-Time
Polymerase Chain Reaction
The gene expression of adhesionmolecules was performed in serum-
starved cells (medium with 0.5% FBS) that had been incubated for
24 h with AM and then treated with TNF-α (1 ng/ml) for 2, 6, or
24 h. Following treatments, RNA was extracted using the RNeasy-
mini system (Qiagen). Afterward, 1 µg of RNAwas retro-transcribed
using iScript reagents (Bio-Rad). The resulted cDNA was used to
perform a quantitative real-time PCR (RT-PCR) using the SYBR
premix ex Taq kit (Takara Bio Europe) according to the
manufacturer’s instructions to analyze the inflammation-
associated genes (Table 1). Each analysis was normalized with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
expression according to the 2-ΔΔCt method. The experiment was
carried out on three different strains for C-HUVECs and three
different strains for GD-HUVECs, each in technical triplicate.

Immunofluorescence Assay and Confocal
Laser Scanning Microscopy Analysis
Control HUVECs and GD-HUVECs were grown until they
reached 50% confluence on round glass coverslips placed in
5 cm diameter Petri dishes, using a standard medium (20%
FBS, as aforesaid). At this point, the cells were PBS-washed,
and the medium was replaced by the reduced FBS medium to
begin a 24-h serum-starvation period. At the same time, five to six
–AM pieces (1 cm2) were placed over the cell-seeded glass
coverslips floating on the culture medium. After 24 h, control
coverslips were removed from the Petri dish and fixed with
paraformaldehyde 4% (AppliChem GmbH, Darmstadt,
Germany) in PBS (Biowest, Nuaillé, France) for 15 min. TNF-
⍺ (1 ng/ml) was added to the remaining coverslips at the 1 ng/ml
final concentration. The coverslips were removed from the
medium and fixed (as aforesaid) at the indicated times.
Immunofluorescence was carried out as previously described
(Alcaraz et al., 2015), briefly after blocking, the cells were
incubated for 1 h (RT) with the proper antibody diluted in
blocking buffer, washed and further incubated with the
appropriate fluorescent-conjugated secondary antibodies in
combination with Alexa Fluor 594 or Alexa Fluor 468
conjugated phalloidin depending on the secondary antibody
used for the antigen detection (Molecular Probes, Thermo
Fisher Scientific, Waltham, MA, United States) and Hoechst
33258 (Fluka, Biochemika, Sigma-Aldrich, St Louis, MO,
United States) for 30 min. Finally, the samples were examined,
and representative images were taken using the confocal
microscope Leica TCS SP8 MP (Leica, Wetzlar, Germany).
The acquisition of images was performed using Leica
Application Suite X (LAS X) software. The antibodies used
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were anti-NF-kB (Abcam, ab16502, Cambridge,
United Kingdom) and Anti-paxillin (Santa Cruz
Biotechnology, sc-365379 Heidelberg, Germany). For proper
assessment and interpretation of NF-kB nuclear translocation
intensity, the maximum intensity projection of 7 z-stacks was
used. The experiment was carried out on three different strains
for C-HUVECs and three different strains for GD-HUVECs, each
in technical triplicate.

Flow Cytometry Analysis
At the basal state and after stimulations, non-permeabilized cells
were detached by 5 mM EDTA, washed, and re-suspended in
0.5% BSA solution. The cells were treated and incubated with
anti-VCAM-1 PE conjugate (Santa Cruz Biotechnology, sc-
13160, 1:100) and with anti-ICAM-1 FITC conjugate (Santa
Cruz Biotechnology, sc-107, 1:100) as previously described
(Ucci et al., 2019). One test tube for the basal state and one
for the TNF-α-treated condition were incubated with anti-
VCAM-PE and anti-ICAM-FITC isotypes (normal mouse
IgG2a FITC-conjugated and normal mouse IgG1 PE-
conjugated, Santa Cruz Biotechnology, 1:100) as negative
controls. Flow cytometry analysis was performed on a BD
FACS Canto II flow cytometer (BD Bioscences) and for each
sample 1 × 104 events were analyzed using FACSDiva v 6.1.3 (BD
Biosciences) and FlowJo 8.3.3 software (Tree Star Inc., Ashland,
United States). All the results are expressed as mean fluorescence
intensity (MFI) ratio ±standard deviation (SD). Each value was
calculated by dividing the MFI of positive events by the MFI of
negative events (MFI of secondary antibody). The experiment
was carried out on four different strains for C-HUVECs and four
different strains for GD-HUVECs, each in technical triplicate.

Monocyte-HUVEC Adhesion Assays
The adhesion assay was performed in C- and GD-HUVECs
under the basal condition and after incubation for 24 h with
AM. In detail, the cells were grown in six-well tissue culture plates
(200.000 cells/well) and, when confluent, the cells were serum-
starved (0.5% FBS), then stimulated with TNF-α (1 ng/ml) for
16 h, and finally AM was added for 24 h. Three pieces of 1 cm2

AM were added per well.
Monocytes (U937 cell lines, European Collection of

Authenticated Cell Cultures, ECACC) were used to evaluate

the adhesion to HUVEC monolayers as previously described
(Di Tomo et al., 2015; Ucci et al., 2019). Briefly, the medium
was removed from each HUVEC well, then the cells were gently
washed with DMEM, and 1 million of monocyte suspension was
added to each well and incubated on HUVECs for 20 min with
gentle shaking at room temperature. Finally, monocyte
suspension was collected and HUVECs were gently washed,
then the adherent monocytes on HUVECs were fixed with
paraformaldehyde 1%. To identify the number of adherent
monocytes for each tested strain, 12 counts for every
experimental condition were performed (employing at least 3
different randomly selected high-power fields, ×10
magnification) using a quadrant. For this experiment, four
different strains for C-HUVECs and four different strains for
GD-HUVECs were used.

Western Blot
Control- and GD-HUVECs were seeded in 6 well plates using the
standard medium (20% FBS). Then, the cells were PBS-washed,
and the mediumwas replaced by 0.5% FBS to begin a 24-h serum-
starvation period. At the same time, three AM pieces (1 cm2) were
placed over the cell by floating on the culture medium. After 24 h,
then TNF-⍺ (1 ng/ml) was added for 1 and 3 h. Briefly, for protein
extraction, the cells were washed with cold PBS and lysed using
RIPA buffer (Sigma-Aldrich) supplemented with phosphatase
inhibitors (I and II) and protease inhibitors (all from Sigma-
Aldrich). The protein concentration of the lysates was determined
using the Qubit Protein Assay kit (Invitrogen). The membranes
were blocked with 5% BSA, followed by immunoblotting with the
primary antibody against rabbit anti-p-NF-kB p65 (Ser536)
(93H1) (1:1000, Cell Signaling Technology), overnight at 4°C,
followed by rabbit horseradish peroxidase-conjugated secondary
antibody (1:5000) (Santa Cruz Biotechnology). Then, the
membranes were stripped and immunoblotted with the
primary antibody against rabbit anti-NF-kB p65 (1:1000, Cell
Signaling Technology), followed by rabbit horseradish
peroxidase-conjugated secondary antibody (1:5000) (Santa
Cruz Biotechnology). The immune complexes were visualized
by means of the ECL Plus detection reagent (Thermo Scientific),
and data were processed and quantified using UVITEC Alliance
software. Protein densities were divided by β-actin densities
(mouse monoclonal anti-β-actin, 1:10000), and the resulting

TABLE 1 | Primers used for quantitative PCR.

Gene name (GeneCards
®
)/primer name Primer sequence 59–39

CCL2 Fw AGACTAACCAGAAACATCC (Sigma KiCqStart)
CCL2 Rev ATTGATTGCATCTGGCTG (Sigma KiCqStart)
GAPDH Fwd AGCTCAGGCCTCAAGACCTT
GAPDH Rev AAGAAGATGCGGCTGACTGT
ICAM1 Fwd ACCATCTACAGCTTTCCG (Sigma KiCqStart)
ICAM1 Rev TCACACTTCACTGTCACC (Sigma KiCqStart)
SELE Fwd GAGAATTCACCTACAAGTCC (Sigma KiCqStart)
SELE Rev AGGCTTGAACATTTTACCAC (Sigma KiCqStart)
VCAM1 (mix Fwd/Rev) Proprietary sequence (Qiagen QuantiTect®) QT00018347

CCL2, C-C motif chemokine ligand 2. GADPH, glyceraldehyde-3-phosphate dehydrogenase. ICAM1, intercellular adhesion molecule 1. SELE, Selectin E. VCAM1, vascular cell adhesion
molecule 1.
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ratio was considered as an index of p-NF-kB expression in
arbitrary units. The experiment was carried out on three
different strains for C-HUVECs and three different strains for
GD-HUVECs, each in technical triplicate.

cGMP Determination
Intracellular cyclic 3′-5′ guanosine monophosphate (cGMP)
levels were evaluated using a commercially available Elisa kit
(Cayman Chemical) as previously shown (Di Tomo et al., 2012).
The experiment was carried out on six different strains for
C-HUVECs and six different strains for GD-HUVECs, each in
technical triplicate.

Matrigel Tube Formation Assay
Control- and GD-HUVECs were plated (2.5 × 104 cells/well) in
the growth factor–reduced basement membrane matrix gel,
also called Matrigel (BD Biosciences), coated 96-well plates
using the 10% FBS HUVEC culture medium. Preliminary
experiments were conducted to identify the suitable number
of cells per well and the best serum concentration. After plating,
the cells were incubated for 20 min at 37°C inducing cellular
adhesion to Matrigel and then, in the respective wells, AM
pieces were added to floating in the culture medium. Six hours
later representative photographs were acquired using an
inverted microscope (Olympus). Images were processed
using ImageJ software (Angiogenesis analyzer tool) to
analyze angiogenic parameters (i.e., number of segments,
meshes, and master junctions) in the basal state and
following the amniotic membrane incubation in three
different strains of C-HUVECs and three different strains of
GD-HUVECs in technical triplicate.

Wound Healing Scratch Assay
For the wound healing scratch assay, C- and GD-HUVECs were
seeded on 24 well plates and grown for 2 days, then the growth
medium was changed for complete DMEM with 1% FBS for 24 h
before the wound healing scratch assay. The wound was made by
scratching a line across the bottom of the dish on a confluent cell’s
monolayer using a sterile p-200 pipette tip. The cells were rinsed
very gently with PBS and then cultivated in the medium with 1%
FBS with the addition of AM pieces floating in the culture
medium. Pictures were taken at ×10 magnifications using an
inverted microscope (Olympus). To quantify migration, the area
of the gap obtained by scratching a line across the bottom of the
dish was quantified using ImageJ software (http://rsbweb.nih.
gov/ij/). After each treatment, the area of the same gap was
measured again. The difference between the initial and final areas
was calculated. That difference was represented in each treatment
and bigger differences indicate better migration. The experiment
was carried out on three different strains for C-HUVECs and
three different strains for GD-HUVECs, each in technical
triplicate.

Statistical Analysis
The results are presented as the means ± standard deviation (SD)
or standard error of the mean (SEM) of at least three different
experiments using at least three different cellular strains (n = 3)

both of C-HUVECs and GD-HUVECs. The ANOVA test
followed by the Tukey’s multiple comparison test for post hoc
comparisons was used to analyze the differences between C- and
GD-HUVECs and between the different treatments. The
significance was defined as a p-value less than 0.05.

RESULTS

Amniotic Membrane Decreases the
Expression of Genes Involved in
Inflammation
The gene expression of several genes involved in inflammation
was performed to evaluate the ability of AM in preventing TNF-
α-triggered inflammatory response in endothelial cells.

The cells, either C-HUVECs or GD-HUVECs, were first
treated with AM for 24 h and then stimulated with TNF-α up
to 24 h. The cells had a strong response to the TNF-α stimulation
of all genes tested, and it was significant that VCAM-1 and
E-selectin (SELE) had a stronger response in GD-HUVECs
compared to C-HUVECs (p < 0.001), for the rest of the genes,
there was no apparent expression differences between
C-HUVECs and GD-HUVECs (Figure 1). Strikingly, in all
cases, a pronounced attenuation to the response to TNF-α was
seen in samples previously treated with AM in both C-HUVECs
and GD-HUVECs. Giving special attention results in the
response to the expression of VCAM-1 and SELE where the
previous treatment with AMmarkedly attenuated the response to
TNF-α (Figures 1A,D). All these data indicate that AM causes a
decrease in the transcriptional response of HUVECs to TNF-α for
the expression of these four genes involved in inflammation.

Amniotic Membrane Reduces the
Membrane Exposure of Endothelial
Adhesion Molecules
To further validate these findings, VCAM-1 and ICAM-1
membrane exposure, the main mechanism behind the
interaction between monocytes and endothelial cells, was
evaluated. In order to reproduce the inflammatory milieu
observed in DFUs, the amniotic membrane potential (24 h of
incubation) was tested on C- and GD-HUVECs under basal
conditions, as well as in cells previously treated with 1 ng/ml
of TNF-α for 16 h. Figure 2A shows a significant increase in both
VCAM-1 (p < 0.0001) and ICAM-1 (p < 0.0001) membrane
exposure following treatment with TNF-α, in both cell
populations, compared to basal conditions. If anything, there
was a trend of higher expression of both molecules in GD-
HUVECs compared to C-HUVECs. Noticeably, 24 h AM
incubation produced a significant decrease in VCAM-1 and
ICAM-1 protein exposure to the cell cytosolic membrane
promoted by TNF-α, in both C- (VCAM-1 p < 0.0001 and
ICAM-1 p < 0.05, Figure 2A) and GD-HUVEC populations
(VCAM-1 p < 0.0001 and ICAM-1 p < 0.001, Figure 2A).

To measure the real impact on monocyte adhesion of the
variation caused by AM on the expression of the endothelial
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adhesion molecules, the binding of U937 monocyte cell line to
AM-treated C- and GD-HUVECs was investigated. Of note, the
representative high-power field pictures showed that AM
treatment induces a reduction in the monocyte adhesion rate
that was very evident when comparing TNF-α-treated cells to the
same treatment supplemented with AM (Figure 2B).
Additionally, AM caused an improvement in cells’
morphology compared to cells under basal conditions
(Figure 2B). The quantification of adhered monocytes in
pictures showed that, under basal conditions, the monocyte
adhesion rate was higher in GD-HUVECs than that in
C-HUVECs (p < 0.05), indicating the GD-HUVEC pro-
inflammatory phenotype. Next, a trend of reduction in
monocyte–endothelial cell interaction was observed following
AM incubation in both cell populations, especially in GD-
HUVECs (p < 0.05). As expected, 16 h of TNF-α stimulation
significantly enhanced the number of adhered monocytes both in
C- and GD-HUVEC cultures, as compared to basal (p < 0.0001).
Strikingly, 24 h of AM incubation, following TNF-α pre-
treatment, induced a significant reduction of monocyte
adhesion in both C- and GD-HUVECs (p < 0.01 and p <
0.0001, respectively) (Figure 2C).

Altogether, these data indicate that AM produces a
powerful effect on the attenuation of TNF-α expression of
endothelial adhesion molecule genes. This is reflected in the
number of adhesion molecules detected at the cytosolic

membrane of the cells that causes strong differences in the
adhesion of monocytes.

Amniotic Membrane Attenuates the
Phosphorylation of NF-kB and Its Nuclear
Translocation in Response to TNF-α
NF-kB, a major mediator of vascular inflammation, is involved in
the expression of critical molecules participating in the adhesion
of monocytes to HUVECs (Di Tomo et al., 2012). To further
investigate the possible link between the anti-inflammatory role
of AM and the attenuation of TNF-α signaling, we looked at NF-
kB phosphorylation during TNF-α stimulation. As expected,
TNF-α treatment produced a neat increase in NF-kB
phosphorylation that was clearly attenuated when cells had
been pretreated with AM for 24 h (Figures 3A,B). Moreover,
stimulation of both C-HUVECs and GD-HUVECs with TNF-α
caused a very evident NF-kB nuclear translocation at 1 and
3 hours (Figure 3C). Consistently with phosphorylation data,
24 hours of preincubation with AM significantly decreased the
nuclear translocation of NF-kB in response to TNF-α stimulation
in both C- and GD-HUVECs, this was especially evident at time
3 hours (Figure 3C).

These data suggest that the effect seen on the expression of the
genes and further protein localization at the cytosolic membrane
of HUVECs could be related to the differential phosphorylation

FIGURE 1 | AM reduces the expression of genes involved in inflammation. Gene expression analysis of VCAM-1 (A), ICAM-1 (B),CCL2 (C), and SELE (D), from C-
and GD-HUVECs untreated and after TNF-α stimulation of cells that had been pretreated or not with AM for 24 h. Quantitative data in the histograms (A–D) show the
mRNA relative expression (target gene expression normalized with GAPDH expression using the 2-ΔΔCtmethod). Eachmeasurement is defined as themean ± SD using
three different strains for C-HUVECs and three different strains for GD-HUVECs (n = 3). ANOVA and Tukey’s multiple comparison test: *p < 0.05, **p < 0.01, ***p <
0.001 and ****p < 0.0001.
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and translocation of NF-kB in response to TNF-α depending on
whether the cells had been previously treated with AM.

Amniotic Membrane Improves NO
Bioavailability
Nitric oxide deficiency has been proven as an important
mechanism associated with vascular inflammation and it is
responsible for poor healing in DFU patients (Ahmad 2016).
Thus, we evaluated whether AM may modulate NO
bioavailability in HUVECs by means of measurement of
cGMP levels. As shown in Figure 4, following 24 h of AM
treatment, basal cGMP levels slightly increased in both C- and
GD-HUVECs. As expected, when both cell cultures were pre-
treated with TNF-α, cGMP levels decreased (p < 0.05) and,
interestingly, the NO bioavailability was significantly increased
by AM incubation. Of note, preincubation with L-NAME, the
inhibitor of constitutive isoforms of nitric oxide synthase
(NOS), produced a clear inhibition of both ionomycin
(positive control) and AM stimulating effect, which was
completely abolished by L-NAME preincubation (Figure 4).
Altogether these data suggest that AMwas able to counteract the

effect of TNF-α increasing NO bioavailability through eNOS
enzymatic activity.

Amniotic Membrane Stimulates Matrigel
Tube Formation in GD-HUVECs
HUVECs are the most used cells to perform the Matrigel tube
formation assay, a test of powerful utility to screen the angiogenic
activity of vascular endothelial cells in vitro. Since diabetic foot
ulcers are characterized by impaired blood vessel formation, the
AM capacity in improving endothelial cell network-like structure
generation, using the Matrigel tube formation assay, was
evaluated. To validate the AM effect, several angiogenic
parameters were analyzed following vessel formation as shown
in the representative images in Figure 5A.

The effect of AM on C- and GD-HUVEC tubulation is shown
in Figure 5A. To better understand the consequences of AM
application, several parameters were tested, measured, and their
values are represented (Figures 5B–G). Under basal conditions,
the total isolated branch length (Figure 5B) and the number of
isolated segments (Figure 5C) were increased in GD-HUVECs
compared to control ones (p < 0.05), thus supporting the

FIGURE 2 | Effect of AM on VCAM-1 and ICAM-1 membrane exposure and TNF-α-induced monocyte adhesion in C- and GD-HUVECs analyzed by flow
cytometry. (A) VCAM-1 and ICAM-1 membrane exposure in C- and GD-HUVECs untreated (basal) and treated for 16 h with 1 ng/ml of TNF-α with or without AM
incubation (24 h). Quantitative data in the histograms show the mean fluorescence intensity (MFI) ratio between the signal and the background noise. The experiments
were performed using five different cellular strains for C- and five different cellular strains for GD-HUVECs (n = 5). ANOVA and Tukey’smultiple comparison test: *p <
0.05 TNF-α + AM vs. TNF-α; ***p < 0.001 TNF-α+AM vs. TNF-α; ****p < 0.0001 TNF-α vs. basal and vs. AM; ****p < 0.0001 TNF-α + AM vs. TNF-α. (B) Monocyte-
endothelial cell interaction on C- andGD-HUVECs untreated (basal) and incubated with AM (24 h) after TNF-α stimulation for 16 h. Representative pictures of C- andGD-
HUVECs for each experimental condition. Bar represents 100 µm. Quantitative data, in the histogram (C), show the number of adherent U937 cells obtained by analyzing
the microscope images of four different cellular strains for both C-HUVECs and GD-HUVECs (n = 4), each including 12 counts per condition. Each measurement is
defined as the mean ± SD of adherent monocytes. ANOVA and Tukey’s multiple comparison test: *p < 0.05 basal GD-HUVEC vs. basal C-HUVEC and AM GD-HUVEC
vs. basal GD-HUVEC; **p < 0.01 TNF-α + AM vs. TNF-α; ****p < 0.0001 TNF-α vs. basal and vs. AM, TNF-α + AM vs. TNF-α.
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hypothesis of impaired angiogenesis in GD-HUVECs. Of note,
the AM incubation induced a trend in the reduction of isolated
branch length and isolated segments in GD-cells, therefore,
indicating the potential of AM in improving the network
formation (Figures 5B,C).

For all the other parameters analyzed (Figures 5D,E), under
the basal conditions, GD-HUVECs showed a reduced level, thus
further supporting the hypothesis of reduced angiogenesis in
diabetic cells. Importantly, the AM incubation enhanced the
number of segments in GD-HUVECs (p < 0.01, Figure 5D),

FIGURE 3 | Amniotic membrane attenuates TNF-⍺-induced NF-κB phosphorylation and nuclear translocation. Sub-confluent C-HUVECs and GD-HUVECs were
serum-starved, treated with AM for 24h, then TNF-αwas added at 1 and 3 h. (A) Protein extract was analyzed forWB for thementioned antibodies. (B)Histograms show
Western blot quantification of NF-κB phosphorylation experiments (n = 3); *p< 0.05 vs basal; #p< 0.05 vs TNF-α 1 h; §p< 0.05 vs TNF-α 3 h. (C) Samples were
immunostained with a specific antibody against NF-κB and co-staining with Hoechst-33258 and phalloidin to reveal nuclei and he actin cytoskeleton, respectively.
This experiment was repeated at least three times. Representative images are shown.
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as well as the number of meshes was improved (p < 0.05,
Figure 5E). Again, the number of master junctions and the
number of nodes (Figures 5F,G) increased after AM exposure
in GD-HUVECs compared to the basal condition (p < 0.01), thus
indicating an improvement in network interconnections. On the

contrary, C-HUVECs did not show any significant variation in
the parameters analyzed.

Overall, the analysis performed here showed impaired vessel
formation in GD-HUVECs as demonstrated by the low rate of
interconnections and all the analyzed elements were improved
following 6 h of AM incubation.

AM Stimulates Cell Migration in
GD-HUVECs
AM has a positive effect on the cell migration of different cell
types that is faithfully reflected in the tangible rearrangement of
migration machinery (Alcaraz et al., 2015; Bernabé-García et al.,
2017; Ruiz-Cañada et al., 2018). Indeed, AM is able to induce the
overexpression and activation of very important proteins for cell
migration, such as c-Jun (Castellanos et al., 2017).

Many endothelial cell functions are mediated by the ability of
endothelial cells to migrate, either to the site of new blood vessels
or to repair a vessel wound (Lamalice et al., 2007). In
angiogenesis, which is considered to be particularly important
for vascular formation in adults, the migration of vascular
endothelial cells is deeply involved (Serini et al., 2003;
Folkman 2007; Clapp et al., 2009).

Here, first, we measured cell migration on C- and GD-
HUVECs using the wound healing scratch assay (Figure 6).
Following 24 h, the wounded area was examined by phase-
contrast microscopy. Interestingly, the amniotic membrane
significantly enhanced cell migration in both C- and GD-

FIGURE 4 | Effect of AM on intracellular cGMP levels measured by ELISA
in untreated (basal) and TNF-α-stimulated C- and GD-HUVECs after
preincubation for 24 h with AM. Ionomycin (2 μM, 24 h) was used as a positive
control. L-NAME (1 mmol/L) was added 45 min before AM and
Ionomycin. Data are expressed as pmol/well and results by mean ± SEM, n =
4. ANOVA and Tukey’s multiple comparison test: *p < 0.05 TNF-α vs. basal;
TNF-α+AM vs. TNF-α; TNF-α +AM+L-NAME vs. TNF-α+AM; **p < 0.01 IONO
vs. basal; ***p < 0.001 IONO+L-NAME vs. IONO.

FIGURE 5 | Effect of AM on tube-like structure formation capacity on Matrigel. (A) Representative images of C- and GD-HUVECs for both experimental conditions.
(B–G) Different angiogenic parameters analyzed in C- and GD-HUVECs under basal conditions and after 6 h of AM incubation. Each value is expressed as mean ± SD
using three different cellular strains for C-HUVECs and three different cellular strains for GD-HUVECs (n = 3). ANOVA and Tukey’s multiple comparison test: *p < 0.05,
**p < 0.01.
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FIGURE 6 | AM induces cell migration in C- andGD-HUVECs. (A)HUVECswere wounded and allowed tomigrate for the indicated time in the presence or absence
of AM. Representative scratch assay from each experimental condition are shown. The wound edges are outlined in yellow. (B) Quantification of the difference of
migration between 0 and 24 h. ANOVA and Tukey’s multiple comparison test: ****p < 0.0001.

FIGURE 7 | AM induces an active remodeling of focal adhesions (FAs). (A) Sub-confluent C-HUVECs and GD-HUVECs were serum-starved cultured for 24 h in
presence or absence of AM. Then, samples were immunostained with a specific antibody against paxillin and co-stained with Hoechst-33258 and phalloidin to reveal
nuclei and the actin cytoskeleton, respectively. All images were acquired using a confocal microscope and processed using ZEN software. These experiments were
repeated at least three times. Representative images are shown. Bar represents 50 µm. (B) Focal adhesion (FA) quantification of Paxillin. All images were analyzed
through ImageJ software. The plots represent the mean of several technical replicates of three C-HUVEC and three GD-HUVEC strains (n = 3). The number of FAs as the
region of interests (ROIs) was selected and measured. *p < 0.05 and ***p < 0.001.
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HUVECs (Figure 6B, p < 0.0001). Then, we studied the
subcellular localization of paxillin, a protein involved in the
formation of focal adhesion that allows the monitorization of
the formation and disassembly of cell adhesions (Mayor and
Etienne-Manneville, 2016). When the cells migrate, paxillin-
marked focal adhesions reduce their size and become more
abundant, suggesting a rapid turnover of these structures to
favor cell migration (Mayor and Etienne-Manneville, 2016).
The examination of C- and GD-HUVECs treated with AM
showed a clear increase in the number of focal adhesions
(FAs) with an apparent lower size (Figures 7A,B and
Supplementary Figure S2).

These data would be coherent with an increment of cell
motility that may explain the better tubulation experienced by
GD-HUVECs in the presence of AM.

DISCUSSION

In the present study, we investigated the potential anti-
inflammatory and pro-angiogenic role of AM by using the
in vitro model of endothelial cells derived from the umbilical
cord vein of gestational diabetes women (GD-HUVECs), a
precious cellular model of endothelial dysfunction taking place
during in vivo hyperglycemia (Di Tomo et al., 2021). This study
was based on the evidence that the progression of a non-healing
phenotype in DFUs is closely linked to increased inflammation,
reduced cell migration, and poor vascular networks (Okonkwo
and Dipietro, 2017).

The use of placental-based tissues is proposed to aid in healing
through the reduction of inflammation, the enhancement of cell
migration into the wound environment, the stimulation of cell
proliferation, and the improvement of angiogenesis (Pipino et al.,
2013; Castellanos et al., 2017).

Chronic wounds fail to proceed to closure for various
reasons, impaired vascularization is one of them, and that
causes a long-lasting inflammatory process, alterations in the
proliferative phase, and cell senescence (Castellanos et al.,
2017). The benefits of AM in human therapy have been well
established either by using it as a whole dressing or by using
AM extracts accompanied by any matrix vehicle (Parolini and
Caruso, 2011; Murphy et al., 2017). Apart from its
immunomodulatory/anti-inflammatory effects, AM exhibits
anti-bacterial properties and low immunogenicity (Parolini
et al., 2009). Several clinical studies have used AM for the
curing of burn injuries, skin wounds, DFU, chronic leg ulcers,
and ocular surface reconstruction (Ornella Parolini et al., 2009;
Insausti et al., 2010). In a direct collaboration with the diabetic
foot ulcer unit of the Hospital Clínico Universitario Virgen de
la Arrixaca (Murcia, Spain), we followed the evolution of 11
patients with DFU that had been treated with AM. A very
successful outcome of the treatment shows the wound healing
acceleration and a positive evolution of different DFUs upon
AM treatment (Valiente et al., 2018).

In 2017, Laurent et al. (2017) , performed a meta-analysis
which included different clinical trials to test AM effects on
diabetic patients’ foot ulcers. The results showed that the

amniotic membrane treatment combined with the standard of
care (SOC) is preferable, compared to SOC alone, in terms of
efficiency and timing, thus highlighting all the aforementioned
properties of AM (Laurent et al., 2017). However, the specific
regulatory mechanisms behind the AM efficacy in diabetic
wounds are not completely understood (Koob et al., 2014).

The management of inflammation is crucial in resolving
chronic wounds. Here, we found that the level of several genes
involved in inflammation decreased upon AM treatment. Of note,
the decreased level of VCAM-1 and ICAM-1 and even more their
reduced membrane exposure following AM addition is of
particular interest since it is known that these adhesion
molecules are found elevated in non-healing DFUs (Kolluru
et al., 2012).

To further investigate the amniotic membrane’s anti-
inflammatory activity, we determined the monocyte
endothelial cell interaction rate, which plays a crucial role in
the formation of atheroma. Indeed, the adhesion of circulating
monocytes to the endothelial cells, mediated by the interaction
with adhesion molecules, is considered one of the earliest events
in atherosclerosis (Čejková et al., 2016). After attaching to the
endothelium, monocytes subsequently invade the vascular wall
and play a central role in triggering the inflammation. Moreover,
inflammation has been shown to delay wound healing, therefore,
the inhibition of monocyte adhesion to the vessel results in
reduced secondary damages, such as reduced inflammation,
being beneficial to the wound healing (Cowin et al., 2021).

Here, we found that stimulation with a low concentration of
TNF-α induced an increase in the monocyte–endothelial cell
interaction that was further enhanced in GD-HUVECs. The
presence of AM reduced the amount of adhered monocyte in
both cell populations; however, it was especially significative in
GD-HUVECs.

NF-κB plays a crucial role in the expression of
proinflammatory molecules such as cytokines, chemokine, and
adhesion molecules (Dinh and Lewis, 2019) and several studies
have demonstrated its involvement in metabolic disorders and
atherosclerosis (Di Tomo et al., 2012), phenomena that could be
prevented or ameliorated by several pharmacological or natural
approaches (Di Pietro et al., 2020). Interestingly, here we found
that, following TNF-α-stimulation, AM pre-treatment of
HUVECs significantly reduced NF-κB phosphorylation and
nuclear translocation in both control cells and GD-HUVECs,
thus further confirming the capability of AM in reducing
inflammation.

Then, we evaluated the potential role of AM in modulating
nitric oxide bioavailability which is involved in the modulation of
the NF-κB pathway and thus in the vascular homeostasis balance.
Of note, in GD-HUVECs chronically exposed to high glucose and
inflammation, impaired nitric oxide synthase (eNOS) activity and
enhanced reactive oxygen species (ROS) production are
responsible for reduced bioavailability of nitric oxide thus
leading to pro-atherogenic alterations (Pandolfi and De
Filippis, 2007). Interestingly, in our cellular model, these
effects were associated with an ability of AM to enhance NO
bioavailability thus protecting HUVECs from TNF-α-induced
inflammation.
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On the other hand, the AM angiogenic effect is rather
controversial. Indeed, AM shows anti-angiogenic features in
ophthalmology (Jirsova and Jones, 2017) and pro-angiogenic
properties when used to treat skin wounds and DFUs. This is
probably due to the simultaneous presence of both pro- and anti-
angiogenic molecules in AM. Therefore, the specific AM effect
changes among conditions and target tissues (Niknejad and
Yazdanpanah, 2014).

In the present study, the AM capacity to improve endothelial
cells’ migration and vessel formation was assessed. Supported by
these observations, we focused our study on the impaired
angiogenic phase that occurs in diabetic wounds. Therefore,
the AM role in vessel formation was investigated using the
Matrigel tube formation assay. It is worthy of note that the
analysis of some angiogenic parameters such as the number of
isolated segments and length of isolated branches shows that GD-
HUVECs induced the formation of poor interconnected tubes
compared to C-HUVECs. On the contrary, as compared to
C-HUVECs, the number of segments, meshes, and master
junctions and the number of nodes were reduced in GD-
HUVECs, further assessing impaired angiogenesis in these
cells. Additionally, GD-HUVEC data clearly showed basal
impaired angiogenesis when compared to control cells. This
further supports the idea that chronic hyperglycemia, per se,
may strongly reduce the angiogenesis in GD-HUVECs. Of note,
all these parameters were improved in GD-HUVECs following
incubation with AM, leading to a better vascular network
formation. Moreover, it should be noticed that from the data
obtained by angiogenic analysis, most of the parameters in
C-HUVECs were not ameliorated following AM incubation.
Our explanation to these findings is that C-HUVECs already
possess an intrinsic sufficient capability to achieve a full network.

On the contrary, the impaired networking capacity of GD-
HUVECs, was improved after incubation with AM, thus
reaching the same levels of C-HUVECs. Collectively, these
observations are consistent with our previous findings and
may explain some of the reported beneficial effects of AM in
vivo when applied to DFUs (Valiente et al., 2018). Also, these
results are suggestive of the induction of a series of events leading
to a better angiogenesis produced by AM in DFUs.

Some interesting studies reported the capability of AM in
improving the migration of keratinocytes (Ruiz-Cañada et al.,
2018), however, only some studies investigated the effect of AM
on HUVECs migration (Koob et al., 2014; Duan-Arnold et al.,
2015) but never in GD-HUVECs. When tested, AM was
beneficial for the migration of both C- and GD-HUVECs.
However, to our surprise, we could not detect differences
between the type of cells in the migration either before or
after AM stimulation.

The migrating effect of AM can also be evaluated by looking at
the quality and quantity of focal adhesions (FAs). Indeed, the
effect of AM on HaCaT and Mv1Lu migrating cells was a
reduction in size and increment in numbers of FAs at the
time of cell migration (Bernabé-García et al., 2017). This is
due to a rapid formation and disassembly of cell adhesion
sites that are required, and it is observed in actively migrating
cells (Mayor and Etienne-Manneville, 2016). Cell migration is
coordinated by a complex of proteins that localizes to sites of
cell–matrix interaction, the FAs (Critchley 2000; Geiger et al.,
2001). Paxillin is a key cytosolic protein that coordinates the
binding of integrin cell attachment sites to the actin cytoskeleton
(López-Colomé et al., 2017). Paxillin also takes part in FAs, and it
is essential to integrate different signals related to cell migration
(Huang et al., 2003). In HaCaT cells, AM induces paxillin

FIGURE 8 | Schematic representation of the main findings from the study. Gestational diabetes endothelial cells (GD-HUVECs) have shown increased inflammation
leading to endothelial dysfunction as well as impaired angiogenesis and wound healing. By using this cellular model that reproduces a typical diabetic foot ulcer
endothelium, the amniotic membrane (AM) was able to restore endothelial function, enhance angiogenesis, and improve wound healing.
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phosphorylation at Ser-178 and also produces an intense
remodeling of FA paxillin staining, which are critical for cell
migration (Bernabé-García et al., 2017). In the presence of AM, a
clear remodeling of focal adhesions was observed when those
were revealed by paxillin staining. Hence, altogether, the fact that
this migration intensively related protein gets remodeled in the
presence of AM is suggestive that a migration process is
stimulated by the presence of AM. The strong FA remodeling
effect of AM, measured as the number of paxillin structures, was
equally effective in C- and GD-HUVECs, in agreement with the
data of migration for both types of cells. To this end, however,
whether AM promoted migration could add an extra advantage
in resolving DFUs, should be deeply investigated either in in vivo
models or patients. Altogether, this work confirms that the use of
AM is a desirable strategy in DFUs and it provides further
insights to elucidate the therapeutic effects of AM observed in
preclinical studies.

CONCLUSION

In this study, we shed light on the mechanisms related to the AM
capability to heal inflammation and improve angiogenesis in
endothelial cells obtained from the umbilical cord vein of
gestational diabetic mothers, supporting preclinical results.
Although further research is needed to evaluate how these
findings translate to diabetic foot ulcer patients, all together,
these results carried out through an innovative in vitro cellular
model, assess the role of the amniotic membrane to induce a
significant reduction of the inflammation typical of chronic
diabetic foot ulcers and to improve endothelial cell vascular
network formation (Figure 8).
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