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Cellular energy supply for promoting vascular
remodeling of small-diameter vascular grafts: a
preliminary study of a new strategy for vascular
graft developmenty
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Rapid endothelialization is extremely essential for the success of small-diameter tissue-engineered vascu-
lar graft (TEVG) (<6 mm) transplantation. However, severe inflammation in situ often causes cellular
energy decline of endothelial cells. The cellular energy supply involved in vascular graft therapy remains
unclear, and whether promoting energy supply would be helpful in the regeneration of vascular grafts
needs to be established. In our work, we generated an AMPK activator (5-aminoimidazole-4-carboxamide
ribonucleotide, AICAR) immobilized vascular graft. AICAR-modified vascular grafts were successfully gen-
erated by the co-electrospinning technique. In vitro results indicated that AICAR could upregulate energy
supply in endothelial cells and reprogram macrophages (M®) to assume an anti-inflammatory phenotype.
Furthermore, endothelial cells (ECs) co-cultured with AICAR achieved higher survival rates, better
migration, and angiogenic capacity than the controls. Concurrently, a rabbit carotid artery transplantation
model was used to investigate AICAR-modified vascular grafts at different time points. The results showed
that AICAR-modified vascular grafts had higher patency rates (92.9% and 85.7% at 6 and 12 weeks,
respectively) than those of the untreated group (11.1% and 0%). In conclusion, AICAR strengthened the
cellular energy state and attenuated the adverse effects of inflammation. AICAR-modified vascular grafts
achieved better vascular remodeling. This study provides a new perspective on promoting the regener-
ation of small-diameter vascular grafts.

1. Introduction

Cardiovascular disease (CVD) is reported as the leading cause
of death worldwide. Coronary-artery bypass grafting using
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autologous vessels is considered as the current gold standard
for severe cases of CVD.'™ However, autologous vessels, such
as the radial artery and saphenous vein, are not always suitable
for grafting due to additional pain caused by transplantation
and severe shortages of donor tissue.*® Thus, tissue-engin-
eered vascular grafts (TEVGs) with good regenerative potential
are very promising in coronary-artery bypass grafting.

In recent decades, many efforts have been made to improve
surface modification techniques, which are viewed as effective
and simple ways to functionalize the grafts, including physical
immobilization, surface adsorption, plasma treatment and
chemical immobilization.® These methods mostly focus on
grafting some biological biomacromolecules onto the TEVGs,
like growth factors, DNA or drugs, thereby enhancing cell
recruitment, adhesion, growth and proliferation, as well as
angiogenesis and anticoagulation. Despite some improve-
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ments having been made in TEVG fabrication, these processes
cannot fully meet the need for clinical application because of
unfavorable endothelial cell formation and vascular remodel-
ing. The surface modification techniques still need to be opti-
mized. Finding effective modification methods and achieving
effective endothelialization remain the primary challenge for
small-diameter TEVG applications.

Given past research, the early stage formation of ECs onto
the lumen of TEVGs is essential for successful grafting.”*°
Unfavorable factors such as mechanical injury and inflamma-
tory responses damage ECs and expose extracellular matrix
(ECM) proteins such as collagen, which can then trigger
thrombosis. Therefore, healthy ECs play important roles in
maintaining vascular grafts’ patency."'™"* However, the trans-
plantation process itself, as well as immune rejection of
TEVGs, damages EC blood vessels and provokes sustained
inflammatory responses, leading to subsequent intimal hyper-
plasia and inadequate endothelialization of artificial
grafts.’*” To successfully initiate endothelium remodeling,
the associated inflimmation response in TEVGs must be
reduced.'®"

Notably, promoting inflammation resolution is an impor-
tant factor influencing tissue regeneration.?” In particular,
among all the immune cells, macrophages (M®) polarized into
the M2 phenotype can alleviate the inflammatory response
and participate in the tissue remodeling process. In contrast,
the M1 phenotype can stimulate host immune reactions and
express pro-inflammatory cytokines.”®?** Therefore, stimulat-
ing M® polarization toward an M2 phenotype and attenuating
the M1 phenotype offers a promising solution to enhance vas-
cular graft remodeling.

AMP-activated  protein (AMPK), ubiquitously
expressed in all eukaryotic cells, is a central metabolic regula-
tor with established anti-inflammatory actions. AMPK can be
activated in the low energy state in response to the increase of
AMP : ATP and ADP: ATP ratios.>® The importance of metab-
olism in regulating immunity and inflammation is now widely
recognized.”®*” The anti-inflammatory potential of AMPK is
extremely attractive as it can be used to protect cells or tissues
from inflammatory damage and to promote survival. AICA
riboside (AICAR; 5-amino-4-imidazole carboxamide riboside),
an activator of AMPK, was reported to have anti-inflammatory
effects in myocytes, adipocytes, and macrophages grown in
culture, and on muscle and adipose tissue of lipopolysacchar-
ide (LPS)-treated rats.”® Moreover, AMPK activators have been
found to ameliorate endothelial dysfunction associated with
inflammation and maintain energy supply.>*! Taken
together, the data demonstrate that AMPK activators can allevi-
ate inflammation and maintain energy supply in cells, which
is an extremely promising strategy to support prolonged cell
health in grafts.

Herein, we successfully prepared electrospun TEVGs by
blending PLLA and gelatin to synthesize a graft integrated with
an AMPK activator (AICAR). The chemical and physical pro-
perties of the fabricated TEVGs were evaluated. The effects of
the AICAR in vitro on cellular energy regulation, anti-inflam-
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matory activity and macrophage polarization were assessed.
TEVGs were also implanted into New Zealand white rabbits to
evaluate the patency rate, histological changes and endothelia-
lization. To our knowledge, we are the first to report that upre-
gulation of cellular energy supply along with macrophage
polarization toward the M2 phenotype, induced by an AMPK
activator (AICAR), contributes to vascular remodeling of
TEVGs.

2. Materials and methods
2.1 Materials

AICAR (A8184) and compound C (B3252) were purchased from
APEXBIO (Houston, TX, USA). LPS (from Escherichia coli, 055:
B5) was obtained from Sigma-Aldrich (St Louis, MO, USA).
HUVECs were purchased from ScienCell (San Diego, CA, USA).
Interleukin (IL)-6/IL-8 ELISA kits were purchased from MLbio
(Shanghai, China). Codex EnerCount™ Cell Growth Assay Kits
(CB-80551-100) were purchased from Codex Biosolutions, Inc.
(Gaithersburg, MD, USA). The JC-1 dye kit and Live & Dead
Viability/Cytotoxicity Assay Kit were purchased from KeyGEN
BioTECH (Nanjing, China). The anti-a-SMA antibody was pur-
chased from Sigma-Aldrich. The anti-CD31 antibody was pur-
chased from NOVUS Company (Littleton, MA, USA).

2.2 Preparation of the tissue engineered blood vascular grafts

AICAR was dissolved in dimethyl sulfoxide to form a 400 mM
concentration composite solution. The biodegradable poly-
mers PLLA and gelatin, with a defined weight ratio (3: 1), were
mixed to form 15% (wt/v) mixture solution in 1,1,1,3,3,3-hexa-
fluoro-2-propanol. The electrospinning composition with
AICAR (final concentration: 8 mM) was generated by blending
the polymer solution with AICAR; similarly, the electro-
spinning composition without AICAR was obtained with an
equal volume of dimethyl sulfoxide instead of AICAR. The
process of how AICAR concentration is used within the vascu-
lar graft was determined and can be seen in the ESI (Fig. S17).
TEVGs with or without AICAR were fabricated using a self-
assembled electrospinning setup. The electrospinning compo-
sition was delivered at a flow rate of 4 mL h™" using an adjusta-
ble syringe pump which was connected to a 23-gauge stainless-
steel needle. The collector was a stainless-steel rod (diameter =
1 mm; length = 10 cm) which was connected to a rotating
motor (speed = 100 rpm). A needle-to-collector distance of
14 cm and a positive voltage of 16 kv were applied during
electrospinning. Electrospinning was continued until the wall
thickness of the graft reached approximately 200 pm. Then,
grafts were removed from the collector rod and placed into a
37 °C desiccator overnight to remove any residual solvent. The
grafts were cut to a length of 8 mm each for vascular graft
implantation.

2.3 Characterization of vascular grafts

2.3.1 Tensile strength. Tensile strength was evaluated by
using an Instron machine (MTS E43.104, Shenzhen, China).

This journal is © The Royal Society of Chemistry 2023
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Tubular vascular grafts (n = 5 for all groups) were cut to a
length of 1 cm and were wetted with phosphate-buffered saline
(PBS) before being placed onto the Instron machine. A strain
rate of 100 mm s~ was applied and the grafts were stretched
until a fracture occurred. The final tensile strength was
recorded and compared with previously reported data of native
arteries.

2.3.2 FTIR. Electrospun tubular grafts were carefully cut
into 3 mm x 3 mm rectangular segments and analyzed by
FTIR (FTIR-650, Tianjin, China). The fabricated samples were
measured in transmittance mode in the range of
800-2000 cm ™. The position of the peaks in AICAR and the
AICAR-modified vascular grafts was analyzed by comparing
with previously reported values.

2.3.3 AICAR-release test. AICAR-modified tubular grafts
that were 2 cm in length and 13 mg in weight were placed in
2 mL of PBS and kept at 37 °C. At different time points (1, 4, 6,
9, 12, 15, and 18 days), 100 pL of the supernatant was har-
vested and the concentration of AICAR was detected by using a
NanoDrop spectrophotometer (Waltham, MA, USA). In brief,
AICAR was dissolved in PBS to form standard dilutions with
concentrations from 0.0195 mM to 5 mM. The absorbance
values of standard dilutions were determined and applied to
create a standard curve. According to the standard curve, the
AICAR concentration of each sample was determined.

2.3.4 Degradation analysis. The value of the degradation
rate was defined as a percentage weight loss that is expressed
in dry vascular grafts. The amount of AICAR loaded was quite
small, thus the degradation rate of non-AICAR grafts could be
regarded as that of all fabricated grafts. Samples without
AICAR (approximately 2 cm in length and 13 mg in weight)
were divided into six groups (each group 7 = 3) and incubated
with 2 mL of PBS for various durations (1, 3, 6, 9, 12, and 15
weeks). PBS was renewed every week. Each graft was weighed at
the beginning of the test. At the end of each time point, the
corresponding samples were dried using a vacuum machine
and then weighed. W; and W, were defined as the weight of
the specimens before and after the degradation. The degra-
dation rate was calculated by using the following formula:

Degradation rate (%) = (W1 — W3)/W; x 100%

2.3.5 SEM. The morphology of the fabricated grafts was
examined using SEM. The electrospun grafts were cut into
pieces (5 x 5 mm) and kept in a vacuum machine overnight to
remove residual water. Dried samples were placed on a holder
and sputter coated with gold before observation using SEM.
An extra high tension of 5 kV was applied to the SEM
examination.

2.3.6 Static contact angle. The wettability of the TEVG
materials was examined using a contact angle meter Kino
SL250 (Boston, MA, USA) by the sessile drop method. 4 pl of
deionized water was dropped onto the samples with a surface
area of 2 x 2 cm® The average contact angle of three test
points for each sample was taken as the measurement result.

This journal is © The Royal Society of Chemistry 2023
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2.4 Invitro study of AICAR

2.4.1 Cell culture. Commercially available HUVECs and
RAW264.7 macrophages were obtained from ScienCell (San
Diego, CA, USA). Cells were cultured in Minimum Essential
Medium (MEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, Gibco) at 37 °C under a humidified atmosphere
with 5% CO,. First, the effectiveness of several diverse concen-
trations (0.1, 0.2, 0.5, 1 and 2 mM) of AICAR on the viabilities
of HUVECs was evaluated. The appropriate concentration was
confirmed to be 1 mM (Fig. S2, ESI}), which was used in the
next experiments. The HUVECs and RAW264.7 macrophages
were treated with 10 pg mL™" LPS for 24 h to form cell inflam-
mation models prior to the subsequent in vitro cell experi-
ments. The cells utilized in this experiment were between pas-
sages three and eight.

2.4.2 Cellular energy supply detection and the anti-inflam-
matory properties of AICAR. The concentration of cellular ATP
was determined using an EnerCount Cell Growth Assay Kit.
Mitochondrial Membrane Potential (MMP) was detected by
laser confocal scanning microscopy and flow cytometry using
a JC-1 probe. IL-6 and IL-8 ELISA kits and quantitative real-
time polymerase chain reaction (qQRT-PCR) were used to evalu-
ate the anti-inflammatory properties of AICAR. Briefly,
HUVECs were incubated in 6-well plates with 24 h of LPS-
induced treatment. Then, equal amounts of culture medium
(control group), 1 mM AICAR (AICAR group), and 1 mM AICAR
+ 10 pM compound C (inhibitor group) were added to the
corresponding groups for 24 h incubation. After 24 h treat-
ment, the culture supernatants were harvested to measure the
concentrations of IL-6 and IL-8 using ELISA kits. The HUVECs
of each group were stained using a JC-1 dye kit to measure
MMP, or trypsinized, resuspended, and subjected to ATP detec-
tion and qRT-PCR. For qRT-PCR, the primer sequences are
listed in Table S1 (ESI}); fold changes in gene expression were
determined relative to the blank control after normalization to
18S ribosomal RNA expression using the 274" method. All
the procedures mentioned above were performed according to
the manufacturer’s protocols.

2.4.3 Western blotting. The HUVECs of each group were
lysed in cell lysis buffer for western blotting with 1 mM phenyl-
methanesulfonyl fluoride (PMSF, Beyotime, Shanghai, China).
Protein concentrations were measured using the BCA assay.
40 pg of protein were separated on 12% SDS-PAGE gels for
1.5 h at 100 V and then transferred to a 0.45 pm nitrocellulose
membrane. The membrane was blocked with 5% non-fat dry
milk at room temperature for 1 h. The membrane was incu-
bated with a primary antibody against AMPK or p-AMPK (Thr
172, 1:1000; Affinity Biosciences, OH, USA) for 24 h at 4 °C.
The secondary antibody was goat anti-rabbit 1gG (H + L)
(1:10 000, Affinity Biosciences, OH, USA). The blots were visu-
alized using the Affinity ECL kit and quantification of protein
was performed using Image] software (National Institutes of
Health, USA).

2.4.4 In vitro analysis of macrophage polarization. To
study the effects of AICAR on macrophage polarization, the
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phenotypes of stimulated M® in each group were determined
by immunofluorescence and qRT-PCR analyses. Briefly, an
appropriately shaped electrospun membrane with or without
AICAR, made using the same procedure as that for the prepa-
ration of the vascular grafts, was placed on the bottom of a
48-well plate. RAW264.7 M® were seeded onto the membranes
at a density of 10 x 10 cells per well. After 24 h of incubation,
for immunofluorescence analysis, M® were incubated using
the primary antibodies rat-anti-CD163 (1: 100, Biolegend, CA,
USA) and rabbit-anti-INOS (1:100; Affinity Biosciences, OH,
USA) overnight at 4 °C and stained with the secondary anti-
bodies Alexa Fluor 488 goat anti-rat IgG (1 : 100, Bioss, Beijing,
China) and Alexa Fluor 594 goat anti-mouse IgG (1 : 100, Bioss,
Beijing, China) for 45 min at 24 °C. Next, the cell nuclei were
stained with DAPI. Finally, M® were imaged using laser con-
focal scanning microscopy (LCSM, Zeiss LSM880, Jena,
Germany). Quantification of the iNOS-M1 or CD163-M2 pheno-
type M® was performed using Image] software. For qRT-PCR,
the primer sequences are listed in Table S2 (ESI}); quantitative
analysis of gene expression was performed relative to the
blank control after normalization to GAPDH ribosomal RNA
expression using the 27*%°* method. All the procedures men-
tioned above were performed according to the manufacturer’s
protocols.

2.4.5 Cell viability. A CCK-8 kit (Dojindo, Kyushu, Japan)
was used to evaluate cell viability. Briefly, HUVECs (6 x 10*
cells per well) were seeded onto 24-well culture plates in MEM
with 10% FBS and treated with 10 pg mL ™" LPS for 24 h. The
cells were divided into control group, AICAR group, and inhibi-
tor group similar to those described above. After additional
24 h of incubation, the culture medium was removed and
50 uL of CCK-8 reagent were transferred into each well for 2 h
of incubation. The absorbance of the supernatants at 450 nm
was detected using a microplate reader (BioTek Instruments,
Winooski, VT, USA). The rest of the cells were stained using a
Live & Dead Viability Assay Kit to confirm the effects of AICAR
on the viability of HUVECs. The images were obtained using a
fluorescence microscope (Mshot, Guangzhou, China). To
further observe the performance of HUVECs on the AICAR-
modified membrane, SEM was used to visualize the adhesion
of HUVECs on the membrane. All tests were repeated three
times.

2.4.6 Cell wound scratch test. HUVECs were incubated to
confluence in 6-well plates. After 24 h of LPS-induced treat-
ment, a disposable 200 pL pipette was used to create a
straight-line scratch on the culture plates. The cell debris was
removed gently with PBS. The MEM culture medium with 10%
FBS was replaced with serum-free MEM. The cells were incu-
bated for another 24 h. The healing areas were photographed
and calculated at the beginning and end of the examination
(S, and S,, respectively, referred to as the scratch areas before
and after the test). The degree of healing, as an indicator of
migration ability, was calculated using Image] software using
the formula below. The test was repeated three times.

Scratch healing (%) = (W, — W5)/W1 x 100%
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2.4.7 Tube formation assay. To investigate the effect of
AICAR on stimulating angiogenesis, a tube formation assay
was carried out. Briefly, appropriately shaped electrospun
membranes with or without AICAR were placed on the bottom
of 48-well plates. After thawing on ice at 4 °C overnight, 100 pl
of Matrigel (BD, Franklin Lake, NJ, USA) was added to each
well of 48-well plates covering the electrospun membranes and
allowed to solidify at 37 °C for 60 min in an incubator.
HUVECs (5 x 10%) pretreated with 24 h of LPS were seeded in
each Matrigel-coated well and cultured at 37 °C under 5% CO,
for 12 h. The tubular structures were observed through an
optical microscope. The number of meshes, master segments
and master junctions and the total master segment length
were detected using an angiogenesis analyzer that is developed
for Image] software.>”

2.5 Invivo implantation and evaluation

2.5.1 Animals. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of the Southern Medical University (Guangzhou,
Guangdong, China) and approved by the Animal Ethics
Committee of the Southern Medical University. Adult male
New Zealand white rabbits (2.0-2.2 kg) were purchased from
the Guangdong Medical Laboratory Animal Center (Foshan,
Guangdong, China). The rabbits were divided into AICAR
group and control group, housed, and allowed free access to
water and food. They were fasted for 12 h before surgery.

2.5.2 Surgical procedures and patency measurements. The
rabbits utilized were first subjected to systemic half-heparini-
zation (100 U kg™"), and then anesthetized by slow auricular
intravenous injection of 3% pentobarbital sodium (0.7 mL
kg™') and placed in the supine position. The right common
carotid artery (CCA) was exposed by making a midline ventral
incision. Then, the right CCA was blocked with two vascular
clamps and a fabricated vascular graft (8 mm in length) was
sutured end-to-end to the right CCA with 11-0 sutures. The vas-
cular clamps were reopened and the anastomosis was com-
pressed using hemostatic gauze for several seconds until no
active bleeding occurred. The incision was then sutured layer
by layer. After surgery, aspirin (10 mg kg™"') was administered
orally daily for 1 week. At 6 and 12 weeks, the patency of grafts
was measured using color Doppler ultrasound (8.5 MHz). At 12
weeks, digital subtraction angiography (DSA) was performed to
visualize the patency of the implanted vascular grafts.

2.5.3 Tissue staining and endothelialization assessment.
At each observation time period after implantation, the rabbits
were euthanized and grafts were explanted and cleaned with
PBS to remove any remaining blood. The implanted grafts
were fixed in 4% formalin or 2.5% glutaraldehyde. Then,
hematoxylin and eosin (H&E) staining, Masson’s trichrome
staining, and immunofluorescence staining for the endothelial
marker CD31 and vascular smooth muscle cell (VSMC) marker
a-SMA were performed to investigate the changes in histology
and cytology. H&E and Masson’s trichrome staining were per-
formed using cross-cut specimens. Endothelialization of the
inner surface was observed through SEM, and the immuno-

This journal is © The Royal Society of Chemistry 2023
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fluorescence images of CD31" areas (green or red) were used to
visualize the presence of ECs.

To quantify the M® phenotypes present in the remodeling
grafts, the vascular grafts were explanted at 6 and 12 weeks,
and then frozen sections were prepared. Immunofluorescence
analysis was performed with anti-CD163 antibodies (1:200;
Novus) and anti-iNOS antibodies (1 : 500; Novus). Fluorescence
quantitative analysis was performed after photographing.

2.6 Statistical analysis

The data were presented as mean + standard deviation and
compared by one-way ANOVA tests. Fisher’s exact test was per-
formed to evaluate significant differences between pairs in
patency rate. A p-value of less than 0.05 was considered statisti-
cally significant.

3. Results
3.1 Morphology of the fabricated tubular grafts

The AICAR-modified small-diameter TEVGs were successfully
generated by blending the bioabsorbable materials PLLA and
gelatin. The fabricated grafts, with 1 mm inner diameter and
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8.0 mm length, are shown in Fig. 1A and B. All of the grafts
were electrospun using a self-assembled device (Fig. 1C). The
microstructure and topography of the inner surface are shown
in Fig. 1D and E. The average fiber diameter of the electrospun
samples with or without AICAR was 0.812 + 0.084 pm and
0.750 + 0.102 pm, respectively, and showed no significant
difference (Fig. 1F). The above results indicated that the
addition of AICAR did not affect the microstructure of the
tubular grafts.

3.2 Mechanical properties

An ideal synthetic graft for clinical use must meet the require-
ments of withstanding mechanical stress and mimicking the
native blood vessels. In this context, the tensile strength of vas-
cular grafts with and without AICAR was found to be 12.78 +
0.44 MPa and 13.96 + 1.32 MPa, respectively, and showed no
significant difference (Fig. 1G). The data indicated that the
tensile strength was not affected by the addition of AICAR.
According to a previous study, the tensile strength of the
human saphenous vein was 13.22 + 5.73 MPa,*® which was
similar to that of our fabricated vascular grafts. Thus, the vas-
cular grafts possessed an appropriate mechanical strength to
be implanted into live animal models.

diameter(um)

" AICAR control

20

tensile strength(Mpa)

" AICAR control

control

Bl AICAR
Hm control

-]
=]

contact angle (degree)
N B
o o

CA(R)

Fig. 1 Characterization of AICAR-modified and untreated vascular grafts. (A and B) Appearance of the fabricated grafts with 1 mm inner diameter
and 8.0 mm length. (C) The self-assembled device was used as a nano-fiber collector to make vascular grafts. (D and E) The microstructure and
topography of the inner surface of the AICAR-modified (D) and untreated (E) vascular grafts were observed by SEM. (F) The analysis of the average
fiber diameter of the electrospun samples with or without AICAR (n = 18). (G) The comparison of tensile strength of vascular grafts with and without
AICAR vascular grafts (n = 5). (H) Contact angle measurement of the samples (n = 3).
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3.3 Contact angle analysis

The wetting property of vascular grafts was examined using a
static contact angle test (Fig. 1H). The shape of the water dro-
plets on the two types of materials was similar. The mean
contact angles of the AICAR group and control group were
65.18° and 56.53°, respectively, showing no statistical differ-
ence. The contact angles of the two types of materials were less
than 90°, indicating that both AICAR group and control group
grafts had good hydrophilicity, which may be beneficial for EC
adhesion.
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3.4 Detection of AICAR, in vitro sustained release of AICAR
and the degradation rate

To confirm the integration of AICAR in the vascular grafts, an
FTIR examination was carried out. Distinct characteristic
peaks, located at 1644 cm™', 1544 cm™ ", and 1024 cm ™", were
generated by vibration of the molecular bonds in AICAR, and
are shown in Fig. 2A. In accordance with a previous study,
wavelengths of 1629 cm™" and 1556 cm™" were generated by
vibration of C=C and C=N bonds, respectively,** in AICAR,
indicating that our fabricated vascular grafts contained AICAR.
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Release experiments indicated that approximately 50% of
AICAR was released within the first 4 days. The AICAR-modi-
fied vascular grafts could sustainably release AICAR for nearly
9 days. F. Zhang et al. pointed out that the acute inflammatory
phase occurs on days 1 to 7 after vascular transplantation.”
The pattern of AICAR release supported that the released
AICAR could act pharmacologically iz situ in the acute inflam-
matory phase (Fig. 2B).

The electrospun graft degradation rate is presented in
Fig. 2C. Results showed that the percentage of mass loss was
fairly rapid and reached approximately 12% in the first week,
mainly because of the rapid degradation of the blended
gelatin. Thereafter, the degradation rate slowed to about 1.5%
every 2 weeks. At the end of 15 weeks, mass loss increased by
24%. Moreover, the residual tensile strength of each sample at
the corresponding time point was measured (Fig. 2D) and
each sample was photographed (Fig. 2E). After 15 weeks, the
tensile strength still reached approximately 3 MPa, which was
close to the mechanical properties of human native small-dia-
meter blood vessels.

3.5 AICAR achieved a better energy supply and anti-
inflammatory performance of HUVECS in vitro

Previous studies have indicated that attenuation of endothelial
cell injury can be regulated by AMPK phosphorylation.*®*”
However the potential mechanisms were not completely clear.
In our study, western blotting was performed to evaluate the
level of AMPK phosphorylation in each group. It was not sur-
prising that the expression of p-AMPK was remarkably
increased in the AICAR group when compared with the control
and inhibitor groups (Fig. 3A). It has been reported that AMPK
activation results in cellular energy increase in various cell and
animal models.>®*' Therefore, we detected the effects of
AICAR on the energy supply of HUVECs. In LPS-treated
HUVECS, intracellular ATP concentrations were measured. The
concentration of ATP in the AICAR group was significantly
higher than that of the inhibitor and control groups, whereas
there were no significant differences between the control and
inhibitor groups (Fig. 3B). In addition, mitochondrial mem-
brane potential (MMP) was assessed using a JC-1 probe. The
MMP was repressed in HUVECs after incubation with LPS and
was significantly increased after AICAR treatment, which was
similar to the change of ATP detection (Fig. 3C). These results
indicated that the energy supply of HUVECs could be
enhanced by AICAR, an effect that was blocked by the inhi-
bition of AMPK using compound C. Compound C was usually
utilized to prevent the effects of AICAR in AMPK phosphoryl-
ation in different cell models which were consistent with our
findings.*>™** To further investigate whether the upregulation
of energy supply contributed to promoting the resolution of
inflammation, the effects of AICAR on the production of the
pro-inflammatory mediators, IL-6 and IL-8, in HUVECs were
evaluated using ELISA kits and qRT-PCR. The protein and
mRNA expressions of IL-6 and IL-8 in the AICAR group were
significantly lower than those of the control and inhibitor
groups (Fig. 3D). ATP synthesis is precisely regulated by the

This journal is © The Royal Society of Chemistry 2023
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functions of the mitochondria respiratory chain complex I, II,
I11, and IV, and is directly associated with cell activity. Mu et al.
found that dexmedetomidine, via the activation of AMPK,
inhibited chronic constriction injury- (CCI-) induced decrease
of the mitochondria respiratory chain complexes I, II, III, and
IV, and the repression of ATP in the dorsal horn of the spinal
cord.* AMPK is a key regulator of energy production in most
cells. Koyani et al. also claimed that the enhanced energy
supply and anti-inflammatory action improved cardiovascular
function via AMPK activation induced by empagliflozin in vivo
and in vitro.>® Previous studies have well illustrated that AICAR
is an AMPK agonist.***® Moreover, Ye et al. revealed that NAD
(H)-loaded nanoparticles improved cellular energy supply, sup-
pressed inflammation, and prevented inflammation-induced
cell apoptosis and pyroptosis.’”” ATP, viewed as a “molecular
unit of currency” for intracellular energy transfer, is a domi-
nant energy source that participates in most biological pro-
cesses. These prior efforts all indicated that elevated cellular
energy supply was good for cell bio-function under inflamma-
tory conditions, even though the detailed molecular mecha-
nism is not clearly demonstrated. Altogether, these results
suggested that AICAR was thus able to protect HUVECs from
inflammation, which was most likely associated with the
energy supply increase.

3.6 AICAR induced M® polarization toward an anti-
inflammatory M2 phenotype in vitro

Previous research studies have confirmed that M® reprogram-
ming from classically activated M1 M® (labeled with iNOS) to
alternatively M2 M® (labeled with CD163) contributes to tissue
remodeling.*>** Under LPS-induced inflammation conditions,
we investigated the effects of AICAR on M® polarization using
immunofluorescence staining of iNOS and CD163 (Fig. 4A).
M® polarization was regulated by the addition of AICAR, with
a transformation rate of iNOS-M1 change from 60.1% to 17.2%
and CD163-M2 change from 22.9% to 70.7%. The AICAR
inhibitor reversed these effects (Fig. 4B). Moreover, the results
of iNOS and CD163 mRNA expressions also confirmed this
finding (Fig. 4C).

3.7 The capacity of AICAR to enhance HUVEC viability,
migration and angiogenesis

EC migration and survival are important initiating events for
rapid endothelialization in vascular graft replacement
therapy.”® To assess the effect of AICAR on EC migration
ability, an in vitro wound scratch test was carried out. The
images of the scratch before and after the test are shown in
Fig. 5A, and the analysis is shown in Fig. 5B. The AICAR group
showed the greatest migration ability among all the groups,
while the inhibitor group showed the least. A similar result
was also found in the transwell assay, which demonstrated
that AICAR-modified vascular grafts could induce EC
migration depending on the release of AICAR (Fig. S3A and B,
ESIT). The effects of AICAR on HUVEC viability were deter-
mined by CCK-8 assays. In LPS-treated HUVECS, the optical
density (OD) value of the AICAR group was significantly higher

Biomater. Sci, 2023, 11, 3197-3213 | 3203
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Fig. 3 AICAR strengthened the energy supply and exhibited anti-inflammatory ability on HUVECs in vitro. (A) The level of AMPK phosphorylation
was evaluated in each group. (B) The intracellular ATP concentration of HUVECs was measured. (C) Mitochondrial Membrane Potential (MMP) was
detected by laser confocal scanning microscopy and flow cytometry. (D) Quantification of IL-6/IL-8 secretion and mRNA expression. **p < 0.01, ##p
< 0.01 and #p < 0.05 versus the AICAR group. The results are expressed as mean + SD, n > 3.

than those of the inhibitor and control groups. The OD value
of the inhibitor group was lower compared with that of the
control group (Fig. 5D). What’s more, we observed that more
HUVECs adhered on the AICAR-modified membrane and evi-
dently decreased in the control and inhibitor groups (Fig. 5C),
of which the results were consistent with the CCK-8 assay.
These results suggested that the addition of AICAR could
protect HUVECs from inflammatory conditions, an effect that
was blocked by the inhibition of AMPK by compound C.

To further detect the influence of AICAR on angiogenesis, a
HUVEC tube formation assay was performed. As we expected,
under the

inflammatory conditions, the tube-formation

3204 | Biomater. Sci,, 2023, 1, 3197-3213

capacity of HUVECs in the AICAR group was better than that of
the other groups (Fig. 5F and G). Our results demonstrated
that AICAR was able to ameliorate HUVEC viability, migration,
and angiogenesis. Combined with the findings above, the
underlying mechanism of AICAR may be associated with good
energy supply and anti-inflammatory performance.

3.8 AICAR improved the in vivo patency rate of electrospun
vascular grafts

To verify the effects of AICAR on the patency of implanted
grafts, vascular grafts were sutured into the right CCA of
rabbits (Fig. S4A and B and Video S1, ESIf). At 6 and 12 weeks,

This journal is © The Royal Society of Chemistry 2023
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the patency rate was determined using color Doppler ultra-
sound (Fig. 6A). Data are presented in Table S3 (ESI}). The
results demonstrated that the patency rates of the AICAR
groups (92.9% (13 of 14) at 6 weeks and 85.7% (6 of 7) at 12
weeks) were significantly higher than those of the control
groups (11.1% (1 of 9) at 6 weeks and 0 (0 of 4) at 12 weeks).
To detect whether the blood flow was similar between the
right (implanted graft site) and left common carotid artery in
the same rabbit model, we measured the blood flow velocity at
different time points in the AICAR group. As shown in Fig. 6B,
the mean blood flow velocity of the left (41.4 cm s™') and right
(38.8 cm s™') common carotid arteries at 6 weeks showed no
significant difference, while at 12 weeks, that of the right site
(26.0 cm s™') was a little lower compared to that of the left side
(35.4 cm s™1). Moreover, DSA results were obtained at 12 weeks
and are shown in Fig. 6C, which confirmed patency in the
AICAR group and obstruction in the control group. These
results suggested that the addition of AICAR in the synthetic

This journal is © The Royal Society of Chemistry 2023

mean + SD.

grafts significantly increased the patency rate of the grafts,
even though the blood flow velocity in the AICAR-modified
grafts became a little lower in the long term.

3.9 AICAR induced better intimal tissue regeneration and
endothelialization in vivo

To explore why AICAR achieved a better patency rate in vivo,
the histological changes of the implanted grafts were evalu-
ated. The grafts were explanted at 6 and 12 weeks and utilized
for H&E and Masson’s trichrome staining. As can be seen from
Fig. 7A, the dissection of grafts showed that the AICAR-modi-
fied grafts maintained a normal morphology and blood
patency compared to the untreated grafts. More evidence is
shown in Fig. 7B. At 6 and 12 weeks, the AICAR groups
retained patency and no visual thrombus was found in the
lumen of the grafts. Moreover, the quantitative analysis of
neointimal thickness in the AICAR group and control group is
shown in Fig. 7C. AICAR-modified grafts had better intimal

Biomater. Sci, 2023, 11, 3197-3213 | 3205


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2bm01338j

Open Access Article. Published on 07 March 2023. Downloaded on 2/4/2026 2:51:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

A control

control

VO Shm  ConAe e

View Article Online

Biomaterials Science

inhibitor B

gap closure(%)
n
o
1

OD value

inhibitor

blem  CpdAetr

control

inhibitor

80 ok 200
3 g *k  HH
£ 60 S 1504 T
3 £
3 g
5 40 - 2 100
% s
] 3 -
g 8
5 20 £ 50
2
= z
o o
> & & > & &
R & &
& L & O
A \(;0\ & ﬁ\&‘\

£ 200000 xk  #H 1009 ok ##
% 15000 "
£ E £ 60
€ 10000 8
@ €
5 H 40 o
£ 5000
g 20
A 0
S & & S & ¢
R &€ &
& & \(;<$° Eal \(;e‘

Fig. 5 In vitro study of AICAR's effects on HUVECs under inflammatory conditions. (A) A scratch test was performed to assess the migration ability
of HUVECs in the different groups. (B) The quantitative analysis of gap closure (n = 3). (C and D) The viability of HUVECs cultured on the AICAR-
modified membrane and quantitative measurement of the CCK-8 assay (n = 4). (E) The adhesion of HUVECs on the AICAR-modified membrane. (F
and G) Representative pictures and quantitative estimation of the tube formation assay (n = 5). **p < 0.01, **p < 0.01 and #p < 0.05 versus the AICAR

group. The results are expressed as mean + SD.

tissue regeneration than untreated grafts. A layer of matrix
deposition was formed on the inner surface of TEVGs, which
offered a favorable microenvironment for subsequent EC
attachment. It is worth mentioning that some visual stratifica-
tion appeared at 6 and 12 weeks, which might have resulted in

3206 | Biomater. Sci,, 2023, 11, 3197-3213

the loss of mechanics and would eventually result in the col-
lapse of lumen or graft wall expansion. The grafts showed
poorer patency in the control groups compared with the AICAR
groups at both 6 and 12 weeks. Obvious thrombus-like tissue
formed and resulted in poor or nonexistent blood flow signals,

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Patency rate of the fabricated vascular grafts was assessed by color Doppler ultrasound and digital subtraction angiography (DSA). (A)
Compared to the control group, the vascular grafts of the AICAR group were unobstructed at 6 and 12 weeks after transplantation. (B) Statistical ana-
lysis of the blood flow velocity of the left and right (implanted graft site) common carotid arteries in the AICAR group (n = 5). *p < 0.05. The results
are expressed as mean + SD. (C) The implanted grafts were confirmed to be unobstructed or obstructed by DSA 12 weeks after transplantation

in vivo. The red arrows point at the implanted graft site.

determined by using ultrasound and DSA. In addition, the
lumen of the grafts collapsed at 12 weeks and it was likely due
to the lack of radial strength which resulted from inadequate
ECs and ECM attachment to the inner surface. In the vascular
graft walls, more severe inflammatory cell infiltration was
found in the control groups than in the AICAR groups
(Fig. 7D). The lymphocyte, macrophage and neutrophil cells
were counted and the results indicated that AICAR could
promote inflammation resolution, which contributed to EC
survival and quick endothelialization.

To further confirm that AICAR contributed to vascular
remodeling, at 12 weeks, immunofluorescence staining of
CD31 and a-SMA was performed to visualize ECs and VSMCs
within the implanted TEVGs. Compared to untreated grafts,
more visual capillary formation was seen on the abluminal
surface of the AICAR-modified grafts. Yellow arrows point to
the capillaries (Fig. 8A). Statistical analysis showed that the
number of capillaries of the AICAR-modified grafts was 8.80 +
1.79 per high-powered field (hpf), which was approximately
2-fold that of the untreated grafts (Fig. 8B). The EC numbers
on the luminal surface of the AICAR-modified grafts were also
significantly higher than those of the untreated grafts
(Fig. 8C). These findings indicated that the addition of AICAR
could significantly promote EC adhesion and capillary for-
mation. These outcomes were considered to be crucial for vas-

This journal is © The Royal Society of Chemistry 2023

cular regeneration.””**°° Representative CD31 and o-SMA
staining images of the cross-section and longitudinal section
of the AICAR-modified grafts are shown in Fig. 8D.
Endothelialization of the AICAR group and control group was
observed by SEM at 12 weeks (Fig. 8E). The statistical analysis
of EC coverage is shown in Fig. 8F. As expected, the data con-
firmed a higher coverage rate of ECs on the AICAR-modified
grafts (~89.9%) compared with the control grafts (~62.8%).
These findings demonstrated that AICAR promoted endothe-
lialization in vivo. We believed that the EC monolayer was
helpful for inhibiting thrombosis and increasing patency.

3.10 AICAR reprogrammed M® into an anti-inflammatory
M2 phenotype in the vascular wall

The process of tissue regeneration after transplantation is
associated with M® polarization. It is established that M2 M®
possesses the ability to facilitate tissue repair and regener-
ation.”® We performed immunofluorescence staining of iNOS
and CD163 to evaluate M® infiltration in the grafts at 6 and 12
weeks (Fig. 9A). We found that the percentage of CD163-M2
was higher than that of iNOS-M1 in all grafts at 6 and 12
weeks. The ratio of CD163 : INOS M®, presented in the AICAR-
modified vascular graft wall was significantly higher than that
of the control group (Fig. 9B). These results demonstrated that

Biomater. Sci, 2023, 11, 3197-3213 | 3207
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Fig. 7 Histological changes of the implanted grafts at 6 or 12 weeks. (A) Dissection of the implanted grafts at 12 weeks. (B) Representative H&E and
Masson'’s trichrome staining images of the cross-sections of the explanted grafts. AICAR-modified vascular grafts remained open and a layer of
matrix deposition was present within the inner surface at 6 and 12 weeks, while the untreated vascular grafts were blocked and obvious thrombus-
like tissue was found within the lumen. Masson: collagen = blue, graft = yellow. (C) Quantitative analysis of neointimal thickness at 6 and 12 weeks in
the different groups (n = 5). **p < 0.01 and #*#p < 0.01. The results are expressed as mean + SD. (D) H&E staining of the cross-sections of the
explanted grafts at 12 weeks and the quantitative comparison of lymphocyte, macrophage, and neutrophil cells in the different groups. n = 5, **p <
0.01, *#p < 0.01 and mmp < 0.01. The results are expressed as mean + SD. The red arrows indicate severe inflammatory cell infiltration in the walls of
vascular grafts (blue arrow: lymphocytes; green arrow: macrophages; yellow arrow: neutrophils).

AICAR-modified vascular grafts induced more anti-inflamma-
tory M2 M® similar to the in vitro performance.

4. Discussion

Rapid endothelialization has been a great challenge in small-
diameter vascular graft fabrication and is yet to be fully
resolved.®>* Previous studies have indicated that promoting
inflammation resolution contributes to endothelial cell survi-
val and sufficient subsequent endothelialization.'®*° To date,
there have been no studies on associating cellular energy
supply with anti-inflammation reaction in the field of vascular

3208 | Biomater. Sci, 2023, 11, 3197-3213

regeneration. In our study, an AMPK activator (AICAR) with the
ability to maintain energy supply and induce M® into an anti-
inflammatory phenotype was utilized to functionalize the fab-
ricated vascular grafts. A rabbit CCA replacement model was
used to evaluate the in vivo performance of the grafts and we
demonstrated that the AICAR-modified small-diameter TEVGs
improved the patency rate at 6 and 12 weeks compared with
the untreated grafts. Moreover, in vivo implanted grafts of the
AICAR groups showed better endothelialization and vascular
regeneration.

In the past several decades, great efforts have been devoted
to developing TEVGs in the manufacturing methods and
surface modifications. However, vascular implantation and

This journal is © The Royal Society of Chemistry 2023
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immune rejection of vascular grafts inevitably damage ECs in
blood vessels and invoke an inflammatory response, thereby
causing endothelial energy depletion and insufficient endothe-
lialization.>® AMPK is a central regulator of multiple metabolic
pathways and has been shown to have therapeutic importance
in the treatment of several diseases associated with chronic
and acute inflammation.>®**° An AMPK activator (AICAR) has

This journal is © The Royal Society of Chemistry 2023

been reported to have anti-inflammatory effects on several cell
types and, importantly, AMPK activators have been found to
ameliorate inflammation-induced endothelial
dysfunction. Hence, we hypothesized that the addition
of AICAR in the fabricated vascular grafts might protect ECs.
In the present study, AICAR-modified vascular grafts were suc-

28,29,54

cessfully fabricated by the co-electrospinning technique. The

Biomater. Sci, 2023, 11, 3197-3213 | 3209
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release of AICAR from the grafts lasted at least for 9 days,
which demonstrated that AICAR was able to exhibit pharmaco-
logical effects in situ in the acute inflammatory phase. In LPS-
induced HUVECs, the bioactivity of AICAR was assessed. We
found that AICAR significantly improved the cellular energy
status by inducing AMPK phosphorylation under inflammatory
conditions. The secretion of pro-inflammatory cytokines (IL-6
and IL-8) was down-regulated after AICAR treatment. These
data suggested that AICAR upregulated endothelial cellular
ATP and attenuated the inflammatory reaction, which could
contribute to the survival of regenerative cells during vascular
graft remodeling. In addition, we found that treatment with
AICAR supported the survival of HUVECs and adhesion on the
electrospun membrane under inflammatory conditions.
What’s more, AICAR improved the capacity of migration and
angiogenesis in vitro according to the scratch test and tube for-
mation assay. Overall, AICAR exhibited a promising pharmaco-
logical therapeutic effect to ensure better regenerative poten-
tial in vitro.

Importantly, in vivo implantation also showed better remo-
deling processes in the AICAR-modified vascular grafts. It has
been previously reported that quick endothelialization plays an
essential role in vascular graft survival, as the endothelial cell
layer can inhibit thrombosis and inflammation.*>%** At 12
weeks post-implantation, more endothelial cells grew on the
AICAR-modified grafts. Interestingly, there was more matrix
deposition but without obvious thrombus-like tissues in the
AICAR group. These good outcomes could be attributed to the

3210 | Bjomater. Sci., 2023, 11, 3197-3213

rapid endothelialization, avoiding possible subsequent throm-
bosis in the AICAR-modified grafts. Sufficient vascularization
within the implanted tissue-engineered constructs contributes
to favorable tissue regeneration.>® After 12-week implantation,
immunofluorescence staining of CD31 and visual capillary for-
mation on the abluminal surface of explanted grafts indicated
that more neocapillaries were formed in the AICAR group. The
immunofluorescence staining of a-SMA indicated that some
contractile VSMCs grew within the graft wall. Moreover, the
data of color Doppler ultrasound and digital DSA confirmed
the better outcome of AICAR-modified grafts, as AICAR signifi-
cantly improved the patency rate of grafts at 6 or 12 weeks
post-implantation. These results confirmed that the addition
of AICAR achieved a promising vascular remodeling and
higher patency rate.

In addition to our finding that AICAR strengthened the cel-
lular energy supply, which resulted in favorable regenerative
potential, promoting inflammation resolution is regarded as
an efficient way to encourage tissue remodeling. Despite some
evidence suggesting that acute inflammation initiates the
regenerative process,”” accumulating studies have revealed that
excessive or prolonged inflammation can negatively contribute
to vascular remodeling."®*° Promoting inflammation resolu-
tion by macrophages (M®) is necessary for the survival of
regenerative cells. Recent studies have confirmed that an M2
anti-inflammatory phenotype can be induced by AMPK phos-
phorylation in the study of myocardial infarction, neuroinflam-
mation and lung carcinoma.’®®® However, whether AMPK

This journal is © The Royal Society of Chemistry 2023
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phosphorylation induced M® into an M2 anti-inflammatory
phenotype in the field of vascular replacement therapy was not
well established. In this study, LPS stimulated M® into an M1
pro-inflammatory phenotype in vitro, whereas this effect was
reversed by the treatment of AICAR. Moreover, we observed the
anti-inflammatory performance of the AICAR-modified grafts
in vivo. At 12 weeks, there was more severe inflammatory cell
infiltration in the control group. In contrast, milder inflam-
mation was found within the AICAR-modified grafts.
Importantly, we observed a similar change for the infiltration
of M® in the implanted grafts, as M® polarization of the
AICAR group manifested a distinct anti-inflammatory pheno-
type (CD163-M2); inversely, more pro-inflammatory pheno-
types (iNOS-M1) M® were found within the control group. M®
polarization toward an anti-inflammatory phenotype attenu-
ates inflammation and favors tissue remodeling,®" which was
also observed in our study.

In summary, our findings revealed a novel approach to
functionalize vascular grafts, which gave the capacity to elevate
cellular energy and promote inflammation resolution by M®
polarization. The AICAR-modified vascular grafts obtained
quick endothelialization and favorable vascular remodeling
potential. This effect was likely attributed to AMPK phos-
phorylation. Additionally, it is worth noting that we did not
investigate how the possible downstream effector proteins
function following AMPK phosphorylation. This needs to be
determined in further studies.

5. Conclusions

In our work, ECs treated with AICAR were able to achieve
sufficient energy supply and had better migration, viability,
and angiogenesis in the inflammatory microenvironment com-
pared with the controls. Additionally, AICAR-modified small-
diameter TEVGs were successfully generated by electro-
spinning, and the addition of AICAR contributed to a higher
patency rate at 6 and 12 weeks, which was related to increased
endothelialization and inflammation resolution by M® polar-
ization. In clinical vascular replacement, a severe inflam-
mation state often results in thrombosis and blockage of
grafts. Overall, this study opens a new possibility for promot-
ing the regeneration of small-diameter vascular grafts via pro-
moting energy supply and anti-inflammatory mechanisms.
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