
INTRODUCTION

Diabetes is a well-known major risk factor for the progression 
of cardiovascular disease [1-5]. The prevalence of diabetes is 
globally on the rise, expected to increase from 366 million peo-
ple in 2011 to 552 million by 2030 [6]. The central mechanism 
driving vascular complications in diabetes is chronic inflamma-
tion. Hyperglycemia and dyslipidemia induce activation of the 
endothelium and modifications of matrix components, both 
changes resulting in inflammation. The formation of advanced 
glycation end products and interactions with their specific cell 
surface receptors stimulate the formation of reactive oxygen 
species (ROS), which, together with dysfunctions of mitochon-
dria, contribute to the oxidative stress in diabetes; indeed, super-

oxide generation is believed to accelerate the pathogenesis of 
cardiovascular diseases in diabetes [7-11]. Furthermore, in-
creased ROS production positively correlates with activation of 
innate immunity [12] and, subsequently, monocytes and mac-
rophages infiltrate in diabetic aorta [13]. In addition, the pro-in-
flammatory state of diabetes has been recognized for its pro-cal-
cification potential [14,15]. Elevated levels and faster progression 
of arterial calcification are consistently reported in populations 
with diabetes [16]. Vascular calcification can occur in either the 
intima, caused by atherosclerosis, or the media of the vessel wall, 
more associated with diabetic conditions [17].

Tissue engineering is rapidly emerging as a potential solution 
for the treatment of vascular diseases [18,19]; however, there is a 
considerable gap in the understanding of how tissue engineered 
vascular products will perform when implanted in patients with 
diabetes. We have previously reported on the fate of collagen 
and elastin scaffolds used for cardiovascular tissue engineering 
after implantation into diabetic rats [20]. Glycation and oxida-
tion products were detected in both scaffolds and these chemi-
cal changes were associated with matrix crosslinking and stiff-
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Diabetes is a major risk factor for the progression of vascular disease, contributing to elevated levels of glycoxidation, chronic inflamma-
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folds exhibited lower levels of CD8+ T-cells and CD68+ pan-macrophages and higher numbers of M2 macrophages, smooth muscle cell-
like and fibroblast-like cells. Calcification and osteogenic markers were reduced in ASCseeded scaffolds implanted in non-diabetic rats 
but remained unchanged in diabetes, unless the scaffolds were first pre-treated with penta-galloyl glucose (PGG), a known anti-oxida-
tive elastin-binding polyphenol. In conclusion, autologous ASC seeding in elastin scaffolds is effective in combating diabetes-related 
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ening and elevated states of inflammation and calcification. 
Diabetes-related alterations are clearly not conducive to graft in-
tegration and vascular tissue regeneration. To alleviate glycoxi-
dation, we proposed a pre-treatment of the scaffolds with penta-
galloyl glucose (PGG), a matrix-binding polyphenol with 
intrinsic antioxidant properties, which dramatically protected 
the scaffolds from diabetes-induced adverse reactions after im-
plantation in diabetic rats [20].

Scaffolds, however, are just one key ingredient in the tissue-
engineering paradigm; in some applications they must be seed-
ed with cells in order to promote new tissue generation and re-
modeling, leading to construct integration [21,22]. Adipose 
tissue-derived stem cells (ASCs) have recently been identified as 
a promising stem cell source due to their immunomodulatory 
properties, ability to differentiate into various vascular cells and 
their availability [23-26]. Stem cell immunomodulation, in par-
ticular, holds high potential for tissue engineered construct inte-
gration by reducing inflammatory cytokine production, sup-
pressing cytotoxic T-cell proliferation, and stimulating the 
secretion of anti-inflammatory cytokines such as IL-4 and IL-10 
[26-29]. Furthermore, ASCs have been shown to regulate mac-
rophage polarization by reduction of classically activated pro in-
flammatory M1 macrophage phenotype in favor of the alterna-
tively activated pro healing M2 macrophage phenotype [30-32]. 
M1 macrophages are responsible for chronic inflammation, se-
creting abundant amounts of IL-6, TNF-α, as well as toxic reac-
tive oxygen intermediates and nitric oxide, generated by activat-
ed iNOS [33,34].

Suppression of chronic inflammation is key for tissue engi-
neered construct survival and integration. However, the ability 
of ASCs to moderate the aggressive inflammatory environment 
that diabetes elicits in response to tissue engineered implants 
has not been explored. Our hypothesis stated that autologous 
ASCs would temperate the diabetes-related inflammatory reac-
tions and promote tissue remodeling due to their immunomod-
ulatory properties. To test this hypothesis, we collected ASCs 
from normal and diabetic rats, seeded them in elastin-derived 
vascular scaffolds and the constructs subcutaneously in normal 
and diabetic rats. To further protect the scaffolds from oxidation 
we also treated elastin scaffolds with PGG before cell seeding 
and implantation.

MATERIALS AND METHODS

Materials
Streptozotocin was purchased from Sigma (S0130). The insu-

lin was Humulin N U-100 NPH, Human Insulin of rDNA origin 
isophane suspension from Lilly (Indianapolis, IN, USA). Alpha-
TRAK (Gen II) test strip and the AlphaTRAK Blood Glucose 

Monitoring System were from Abbott Laboratories, Animal 
Health (Abbott Park, IL, USA). Collagenase type I was from Sig-
ma (C0130, 125 U/mg) and Dulbecco’s modified Eagle’s medium 
(DMEM) from Cellgro-Mediatech, Herndon, VA, fetal bovine 
serum from Whittaker Bioproducts (Walkersville, MD, USA) 
and penicillin and streptomycin from Gibco (Rockville, MD, 
USA). For immunohistochemistry (IHC) we used the following 
anti-rat antibodies: rabbit anti-laminin (ab11575, Abcam), 
monoclonal anti-vimentin (V5255, Sigma), mouse anti-CD8 
(GTX76218, GeneTex Inc., Irvine, CA, USA), mouse anti-CD68 
(ab31630, Abcam), rabbit anti-iNOS (ab15323, Abcam), rabbit 
anti-CCR7 (CG1678, Cell Applications Inc., San Diego, CA, 
USA), mouse anti-CD163 (ab111250, Abcam), rabbit anti-osteo-
pontin (ab8448, Abcam), rabbit anti-alkaline phosphatase 
(ab108337, Abcam), sheep anti-CD34 (AF6518, R&D Systems, 
Minneapolis, MN, USA), and rabbit anti-alpha-smooth muscle 
actin (ab5694, Abcam). The VECTASTAIN Elite ABC reagent, 
R.T.U. (#PK-7100) and the diaminobenzidine tetrahydrochloride 
(DAB) peroxidase substrate kit (#SK-4100) were purchased from 
Vector Laboratories (Burlingame, CA, USA). Alizarin Red 1% 
aqueous staining solution was obtained from Poly Scientific 
R&D Corp (Bay Shore, NY, USA). All other chemicals were of 
highest purity available and were obtained from Sigma Aldrich 
Corporation (Lakewood, NJ, USA). Carboxyfluorescein diace-
tate-succinimidyl ester (CFDA-SE) cell tracker was purchased 
from Life Technologies. High-purity PGG was a generous gift 
from N.V. Ajinomoto OmniChem S.A., Wetteren, Belgium 
(www.omnichem.be).

Arterial elastin scaffold preparation
Scaffolds were prepared following an alkaline extraction pro-

tocol described before, with minor modifications [25]. Briefly, 
fresh porcine carotid arteries (6–8 cm long, 5–6 mm diameter) 
obtained from Animal Technologies, Inc. (Tyler, TX, USA), were 
rendered acellular by incubation in 0.1 M NaOH solution at 
37°C for 24 h followed by extensive rinsing with deionized water 
until pH dropped to neutral. Scaffolds were stored in sterile PBS. 
This treatment removed all cells and most of the collagen, leav-
ing vascular elastin fibers unaltered. Tubular elastin scaffolds, 
2–3 cm long and 1 mm thick were cut open longitudinally be-
fore implantation.

PGG treatment
Arterial elastin scaffolds were treated with sterile 0.1% PGG 

in 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 
pH 5.5, containing 20% isopropanol, overnight at room temper-
ature under agitation and protected from light. Scaffolds were 
then rinsed in sterile PBS and stored in sterile PBS containing 
1% protease inhibitors and 1% Penicillin-Streptomycin at 4°C.
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Rat model of STZ-induced diabetes
Adult male Sprague Dawley rats (n=40, weight 300–350 g) 

were rendered diabetic via a single dose of sterile filtered 55 mg/
kg streptozotocin (STZ) solution in 0.1 M citrate buffer (pH 5) 
by tail vein injection (day zero). Control rats (n=40) received an 
equal volume of vehicle (sterile citrate buffer). Starting on day 3, 
levels of blood glucose in all diabetic rats were determined 3–4 
times per week, using AlphaTRAK (Gen II) test strips on the 
AlphaTRAK Blood Glucose Monitoring System, designed spe-
cifically for animals. Glycemia levels were also assayed weekly in 
the control, non-STZ treated rats. Diabetes was established 
(>400 mg glucose/dL blood), and diabetic rats were given sub-
cutaneous injections of long-lasting insulin (2–4 U Isophane) 
every other day to maintain blood glucose level in a desirable 
range (400–600 mg glucose/dL blood) and prevent develop-
ment of ketonuria and weight loss. Control rats exhibited mean 
glycemic levels of 128+/-12 mg glucose/dL blood. Glucose lev-
els, individual weights, hydration status, and food and water 
consumption were monitored closely to ensure adequate health 
parameters. Animals were provided with food and water ad libi-
tum and were cared for by the attending university veterinarian 
and associated staff at the Godley-Snell Research Center animal 
facility at Clemson University. The Animal Research Committee 
at Clemson University approved the animal protocol (AUP 
2011-002), and National Institute of Health (NIH) guidelines for 
the care and use of laboratory animals (NIH publication #86–23 
Rev. 1996) were observed throughout the experiment. A de-
tailed time-line of the entire experimental setup including cell 
collection, seeding, implantation, explantation and a lineup of 
implant groups is outlined in Figure 1.

Adipose stem cell isolation and injection into scaffolds
Two weeks after STZ administration, a small amount of sub-

cutaneous abdominal adipose tissue (–30 mg wet) was harvest-
ed from each rat via lipectomy under general anesthesia and 
immediately processed according to the Zuk et al. [35]. Briefly, 
adipose tissue was minced with blades and incubated with 2 
mg/mL collagenase. After centrifugation, cell pellets were treat-
ed with 0.155 M ammonium chloride (NH4Cl) to lyse red blood 
cells, and the stromal vascular fraction pellet was plated in tissue 
culture flasks. Adherent cells were cultured for two weeks in 
DMEM/10% FBS to propagate the ASCs and then seeded into 
each elastin scaffold at approximately 1×106 cells per scaffold 
(–5×104 cells per cm2), via injections at multiple sites along the 
scaffold using a 30 G needle. Each batch of ASC-seeded scaffolds 
was labeled and cultured separately to allow for implantation of 
cells into same animal from which the adipose tissue was origi-
nally collected (autologous). Cell-seeded scaffolds and scaffolds 
without cells were incubated overnight in cell culture media in a 

standard cell culture incubator at 37°C and 5% CO2 before im-
plantation. For tracking purposes, cells isolated from two ani-
mals from each group were labeled before seeding with 10 μM 
CFDA-SE, a fixable-cell-permeant, fluorescein-based tracer. 
IVIS (PerkinElmer, Waltham, MA, USA) was used to image CF-
DA-SE tagged cells at 2 weeks and 4 weeks after implantation.

Experimental implant groups
The arterial elastin scaffolds were divided into four groups 

(Fig. 1) as follows: 1) non-PGG treated scaffolds with no ASCs, 
2) non-PGG treated scaffolds with injected ASCs, 3) PGG-
treated scaffolds with no ASCs, 4) PGG-treated scaffolds with 
injected ASCs. Scaffolds were implanted subdermally into con-
trol and diabetic rats as detailed below.

Subdermal implantation of elastin scaffolds
Four weeks after STZ administration (two weeks after ASC 

isolation), rats were shaved and prepped for surgery and anes-
thetized using 1–2% isoflurane. Diabetic rats were given 1 U of 
insulin pre-operatively. A small, transverse incision was made 
on the back of the rats, and two subdermal pouches were creat-
ed by blunt dissection. One scaffold was then inserted into each 
pouch (n=2 scaffolds per rat) and incisions closed with surgical 
staples. A total of 160 scaffolds have been implanted in 80 rats, 
of which 40 were diabetic and 40 controls (Fig. 1). Each group 
of scaffolds described above consisted of 20 scaffolds implanted 
in 10 rats. The rats were allowed to recover, provided with food 
and water ad libitum, and were cared for by the attending veteri-
narian and associated staff at the Godley-Snell Research Center 
animal facility. Glucose monitoring and insulin treatment were 
continued for the diabetic rats as described above. Four weeks 
after scaffold implantation, the rats were humanely euthanized 
by CO2 asphyxiation and the scaffolds explanted and prepared 
for analysis.

Histology and immunohistochemistry
Paraffin-embedded scaffolds sections (5 μm) were rehydrated 

and stained with hematoxylin and eosin (H&E) for a general 
overview of scaffold integrity and presence of cells.

For IHC, heat-mediated antigen retrieval was implemented 
by immersing sections in 10 mM citrate buffer (pH 6.0) for 20 
minutes at 95–100°C. Sections were then treated with 0.025% 
Triton X-100 for 10 minutes and blocked in 1.5% normal horse 
serum for 30 minutes. Endogenous peroxidases were blocked 
with 0.3% hydrogen peroxide in 0.3% horse normal serum for 
30 minutes then primary antibody was applied for 1 hour at 
room temperature. We used the following antibody dilutions 
and concentrations for IHC:CD34 (1:200), CD68 (1:100), iNOS 
(1:100), CD163 (4 μg/mL), CD8 (4 μg/m), vimentin (1:250), 
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α-smooth muscle actin (1:200) and laminin (1:25). After rins-
ing, sections were incubated in species-appropriate biotinylated 
secondary antibody (1:200 dilution, Vector Labs, Burlingame, 
CA, USA) for 30 minutes. VECTASTAIN Elite ABC Reagent, 
R.T.U. was applied, and the chromogen was visualized using the 
DAB Peroxidase Substrate Kit. Negative staining controls were 
obtained by the omission of the primary antibody. Sections were 
lightly counterstained with Hematoxylin prior to mounting. Digi-
tal images were obtained at various magnifications (25X to 
200X) on a Zeiss Axiovert 40CFL microscope using AxioVision 
Release 4.6.3 digital imaging software (Carl Zeiss MicroImag-
ing, Inc., Thornwood, NY, USA). Relative quantification for 
IHC stains was performed on ImageJ (provided by NIH) using 
the ImmunoRatio plugin (ver. 1.0 c) on n=3 sections per group. 
Quantities are expressed as percentage of DAB area to nuclear 
area or ECM area, depending on stain type (cellular stain or 
matrix stain). Each image was adjusted individually for brown 
threshold and blue threshold to fine-tune each component, as 
recommended by the software developer [36].

Calcium and bone protein analysis
Alizarin Red staining for calcium deposits was performed on 

sections of explanted elastin scaffolds (n=5 per group). Osteo-
pontin (OPN) (1:250 dilution) and alkaline phosphatase (1:300 
dilution), were also analyzed in arterial elastin scaffolds via IHC.

Statistical analysis
Results are expressed as means±standard deviation. Statistical 

analysis was performed using one-way ANOVA for each mark-
er. Differences between means were determined using the least 
significant difference with an alpha value of 0.05.

RESULTS

In vitro and in vivo imaging of ASCs seeded 
into scaffolds

Before implantation, the presence of cells and their distribu-
tion in the scaffolds was confirmed by H&E staining (Fig. 2). 
The presence of ASCs in the scaffolds two weeks after implanta-
tion was also confirmed by imaging the CFDA tagged cells via 
IVIS (Fig. 2). After four weeks, however, the fluorescence of the 
tagged ASCs could no longer be detected (not shown).

Impact of ASCs on inflammatory cell infiltration
In order to evaluate the effect of implanted autologous ASCs 

on the host immune reaction, arterial elastin scaffolds with and 
without ASCs were implanted in diabetic and non-diabetic rats. 
After four weeks, scaffolds were explanted and the infiltrated in-
flammatory cell types were analyzed by histology. Elevated levels 

of CD8+ T-cells (29.3%) and CD68+ pan-macrophages (14.2%) 
were noticed to infiltrate the scaffolds implanted in the diabetic 
rats compared to the non-diabetic rats (13.5% CD8+ and 1.9% 
CD68+, Fig. 3). However, scaffolds seeded with autologous ASCs 
exhibited reduced accumulation of both T-cells (10.2%) and 
pan-macrophages (5.0%) in cell-seeded versus non-seeded scaf-
folds implanted in diabetic conditions (Fig. 3).

ASCs effects on macrophage polarization
To assess the number of M1 and M2 macrophages present in 

implants, sections were stained for iNOS, a marker for M1 mac-
rophages, and CD163, a marker for M2 macrophages. M1 mac-
rophages were seen in large numbers in scaffolds implanted in 
diabetic rats (20.8%) (Fig. 4) compared to scaffolds implanted in 
control, non-diabetic rats (6.2%, Fig. 4). In ASC-seeded scaf-

Figure 1. Experimental time line and implant groups. (A) Stud-
ies started with diabetes induction at “day zero” in 40 rats by a 
single i.v. injection of streptozotocin (STZ) in citrate buffer. Con-
trol rats (n=40) received citrate buffer alone. Adipose tissue col-
lection (Lipo) was performed 2 weeks after diabetes induction, 
which was followed by isolation and propagation of ASCs from 
each individual rat (2 weeks). Scaffolds were then seeded with 
autologous ASCs 1 day before subdermal implantation in dia-
betic or control rats. (B) Overview of implant groups consisting 
of non-treated scaffolds and scaffolds treated with PGG, seeded 
or not seeded with ASCs, implanted in control or diabetic rats. 
ASCs: adipose tissue-derived stem cells, PGG: penta-galloyl 
glucose.
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folds, however, iNOS expression was significantly lowered, only 
2.1% in control and 3.3% in diabetic rats (Fig. 4). The opposite 
trend was seen in the expression of CD163 (M2 macrophages) 
as there were few CD163+ cells (0.2%) detected in arterial elastin 
scaffolds implanted in either diabetic or control rats (Fig. 4). 
Conversely, an increased number of CD163+ cells were observed 
in elastin scaffolds injected with ASCs before implantation; 
20.2% in control and 20.0% in diabetic rats (Fig. 4).

Non-inflammatory cell infiltration and 
matrix remodeling

In order to evaluate whether cells involved in tissue remodel-
ing were present, we used IHC to detect the type of non-inflam-
matory cells infiltrated in the implant. Cells positive for α-smooth 
muscle actin and vimentin, possible fibroblasts or myofibro-
blasts, as well as CD34+ stem cells (Fig. 5) were detected in the 
adventitia of vascular scaffolds. ASC-seeded scaffolds exhibited 
greater expression of CD34 (28% increase in control and 41.6% 
increase in diabetic rats) and α-smooth muscle actin (14.1% in-

crease in control and 12.7% increase in diabetic rats). Vimentin 
expression in either scaffold group remained relatively un-
chained regardless of glycemic status. Throughout the ASC-
seeded arterial elastin scaffolds, we also detected the presence of 
laminin, a basal lamina protein that provides substrates for cell 
attachment and migration. Scaffolds without seeded ASC exhib-
ited no endogenous laminin (Fig. 5).

Calcification and osteogenic responses
Alizarin red staining indicated presence of calcium accumula-

tion in elastin scaffolds without ASCs, regardless of glycemic 
conditions (Fig. 6A). IHC revealed presence of both OPN and 
ALP in scaffolds without ASCs implanted in control rats (Fig. 
6B). OPN and ALP levels were even more abundant in scaffolds 
implanted in diabetic rats. Remarkably, no visible calcium or 
traces of OPN and ALP were observed in the ASC-seeded scaf-
folds implanted in control rats (Fig. 6A and B). Contrastingly, a 
significant amount of calcium and high levels of OPN and ALP 
were observed in the ASC-seeded scaffolds implanted in diabet-

Figure 2. ASCs seeding and tracking. Representative histological images of (A) decellularized arterial elastin scaffolds and (B) ASC-
seeded elastin scaffolds stained with H&E. (C) Fluorescently tagged ASCs prior to seeding within elastin scaffolds, imaged immedi-
ately after trypsinization and tagging with CFDA-SE. (D) Representative IVIS image showing fluorescence of CFDA-SE tagged cells 
seeded within scaffolds, 2 weeks after subcutaneous implantation. Magnifications are 10× for (A), (B), (C), and 1× for (D). ASCs: adi-
pose tissue-derived stem cells, H&E: hematoxylin and eosin, CFDA-SE: carboxyfluorescein diacetate-succinimidyl ester.
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ic rats. In scaffolds pre-treated with PGG, no visible traces of 
calcium deposits were noted, regardless of glycemic condition 
or cell seeding status (Fig. 6A).

DISCUSSION

In diabetes, excessive inflammation and oxidation can result 
in vascular calcification. Tissue engineered vascular scaffolds in-
jected with adipose stem cells can be tested in diabetic animal 
models. In our studies, we implanted arterial elastin scaffolds 

seeded with autologous ASCs subdermally in diabetic rats and 
compared them to scaffolds without cells, as well as to implants 
in non-diabetic rats.

We noticed an excessive inflammatory response to the arterial 
elastin scaffolds implanted in diabetic rats when compared to 
control rats (Fig. 3). These cells included T-cells and cells stain-
ing for pan macrophage markers, but none of these cells were 
M2 macrophages (Fig. 3 and 4). Consequently, we hypothesized 
that tissue engineered elastin-based vascular scaffolds implanted 
in diabetic conditions might undergo impaired remodeling and 

Figure 3. Inflammatory cell infiltration. Representative immunohistochemistry images (A) and their quantification (B) of T-cells (CD8) 
and macrophages (CD68) infiltration in scaffolds with and without seeded ASCs, implanted in control or diabetic rats. Brown=positive. 
In (B) for each marker, different letters indicate statistical significance (p<0.05) between the four implant groups. ASC: adipose tissue-
derived stem cell. 
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healing, due to chronic inflammation. It has been demonstrated 
that the host innate immune system responds to implanted bio-
materials by recruiting macrophages that amplify the inflamma-
tory response and subsequently send signals to T-cells. However, 
the ECM-based scaffolds have been shown to promote a switch 
in the macrophage population from a predominantly pro-in-
flammatory M1 phenotype to predominantly reparative M2 mac-
rophages, which secrete anti-inflammatory mediators [37,38]. 
We noticed these effects in scaffolds implanted in control rats, 
but not in diabetic rats. These observation are in agreement with 

studies that show that in diabetes, the combination of persistent 
hyperglycemia and oxidative stress associated with decreased 
activity of endogenous antioxidants, lead to chronic inflamma-
tion, delayed or impaired wound healing and reduced ability to 
transition from a M1 to a M2 phenotype macrophages [7,9,39].

Since ASCs are considered a promising stem cell source in tis-
sue engineering, due to their immunomodulatory properties, 
ability to differentiate into various vascular cells and their avail-
ability [23-26], we used autologous ASCs to repopulate the scaf-
folds. Our goal was to investigate the effect of ASCs on the pop-

Figure 4. Macrophage polarization. Representative immunohistochemistry images (A) and quantification (B) of M1 macrophages, 
positive for inducible nitric oxide synthase (iNOS) and M2 macrophages positive for CD163, in scaffolds with and without ASCs im-
planted in control or diabetic rats. Brown=positive. In (B) for each marker, different letters indicate statistical significance (p<0.05) be-
tween the four implant groups. ASC: adipose tissue-derived stem cell. 
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ulation of infiltrated cells, as well as on scaffold remodeling under 
diabetic conditions. Indeed, as indicated in Figures 2 and 3, the 
scaffolds injected with ASCs exhibited only 10.2% T-cells and 

5% macrophages. Also an increase in M2 cell number was no-
ticed, to 20% in both control and diabetic conditions. The levels 
of PGE2 measured in explants showed an increase in scaffolds 
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Figure 5. Non-inflammatory cell infiltration and de novo synthesis of basement membrane proteins. (A) Representative immunohis-
tochemistry of stem cells (CD34) and myofibroblasts staining for α-smooth muscle actin (SMA) in scaffolds with and without ASCs 
implanted in control or diabetic rats. (B) Immunohistochemistry for vimentin (VIM) and laminin (LAM) in scaffolds with and without 
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seeded with ASCs (10 pg/mg protein vs. 20 pg/mg protein, re-
spectively). Our results are in agreement with previous papers 
which showed that ASCs have immunomodulatory properties 

and are able to down regulate Th1 cytokines and improve over-
all Th1/Th2 balance [40] by stimulating production of anti-in-
flammatory cytokines such as IL-4 and IL-10 [28]. It has been 
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Figure 6. Calcification and bone protein expression. (A) Alizarin Red histological stain for calcium deposits (red) in non-PGG treated 
and PGG-treated arterial elastin scaffolds with and without ASCs implanted in control or diabetic rats. (B) Representative immunohis-
tochemistry for osteopontin (OPN) and alkaline phosphatase (ALP) in scaffolds with and without ASC seeding, implanted in control 
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demonstrated that ASCs act through paracrine release of growth 
factors that accelerate and direct tissue repair by host-derived 
cells [41-43] and secrete prostaglandin to suppress inflammato-
ry responses following ischemic events, thus enhancing recov-
ery [44].

The mechanism by which matrix-based scaffolds promote the 
transition from M1 to M2 remained unknown, but it has been 
suggested the role of specific peptide sequences present in the 
structure of matrix components in the interaction with particu-
lar cells [37]. It’s been known that specific amino acid sequences 
in the structure of matrix proteins or their degradation products 
(i.e., matrikines) may exhibit biological activities, such as che-
motaxis, MMP release, and modulation of cell phenotypes, via a 
67-kD elastin laminin receptor present on the surface of fibro-
blasts, smooth muscle cells, and monocytes [45-47]. Together, 
these matrix peptides and the cytokines secreted by stem cells 
might encourage a constructive tissue remodeling by attracting 
not only inflammatory cells, but also cells with tissue regenera-
tion capabilities. In our studies, we noticed the presence of al-
pha-smooth muscle actin and vimentin positive cells, which in-
dicate fibroblasts or myofibroblasts, cells known to be involved 
in tissue remodeling (Fig. 5). Indeed, after the implantation of 
constructs, we detected the presence of laminin, (Fig. 5B), a base-
ment membrane protein fundamental for cell adhesion 
[19,48,49], differentiation, and maturation [50,51]. These results 
suggest that the injected and/or infiltrated cells rebuilt their own 
basement membrane in order to adhere and remodel the scaf-
folds. Positive IHC staining for CD34 implied the presence of 
remnant or possibly newly infiltrated stem cells in the elastin 
scaffolds [25,31].

Vascular calcification is a known occurrence in diabetes and 
is typically associated with chronic inflammation and oxidative 
stress. Its mechanism is still not fully understood, but the extra-
cellular matrix calcification in the media has been long noted in 
animal models of diabetes and dyslipidemia as well as in pa-
tients with diabetes type 1 and type 2 [52,53]. Many groups re-
ported similarities to the process seen during end stage renal 
disease [20,54-59]. Furthermore, osteogenic transformation of 
graft smooth muscle cells was shown to occur alongside up-reg-
ulated pro-inflammatory response caused by TNF-α [60], elas-
tin degradation, and TGF-β [61,62]. Hyperglycemia, excessive 
insulin, and hypoxia can lead to increased bone-like protein ex-
pression in smooth muscle cells [53,63,64]. OPN, a protein in-
volved in bone remodeling and osteoclast activation [65], has 
been shown to be upregulated at inflammatory sites caused by 
biomaterial implants [66].

We have previously reported on the in vivo calcification of 
elastin scaffolds in both non-diabetic and diabetic conditions 
[20]. In current experiments, calcium deposits and osteogenic 

markers were present in all subdermally implanted scaffolds, ex-
cept those which had been pre-seeded with ASCs and implant-
ed in control rats (Fig. 6). We believe that this is the first report 
on the effect of ASCs on calcium accumulation in implanted 
vascular graft scaffolds. Our data also showed that OPN accu-
mulates in subdermally implanted elastin scaffolds (not seeded 
with cells before implantation), suggesting a tendency of the in-
filtrated cells to combat calcification.

However, the ASCs appeared to have had little effect on calci-
um accumulation in tissues implanted in diabetic rats (Fig. 6A). 
In diabetes, besides the excessive inflammatory milieu, there is 
also an increased oxidative environment, well-illustrated by the 
activation of AGE receptors, which stimulates an overproduction 
of ROS [67]. For this reason, we treated our scaffolds with an an-
ti-oxidative agent, PGG, before cell seeding. These tissues im-
planted in diabetic rats showed no calcium accumulation in all 
samples analyzed (Fig. 6A). PGG is an anti-oxidative polyphenol, 
which binds to collagen and elastin and protects the fibers from 
fast degradation and calcification [68]. Many publications have 
showed that stimulation of AGE receptors result in NADPH oxi-
dase and mitochondrial dependent ROS generation [69,70]; su-
peroxide generation by dysfunctional mitochondria in diabetes 
has been postulated as the initiating event in the development of 
diabetic complications [39]. It is possible that, while ASCs re-
duced inflammation, the anti-oxidative treatment of scaffolds 
with PGG prevented the expression of RAGE on injected and/or 
infiltrated cells, inhibiting the process of calcification.

Based on our results, we infer that the combination of autolo-
gous ASCs seeding and PGG pre-treatment of arterial elastin 
scaffolds could potentially lead to a functional tissue engineered 
construct able to achieve clinical translation of vascular tissue 
engineering in patients with diabetes.

In conclusion, autologous adipose stem cell seeding in arterial 
elastin scaffolds is effective in fighting diabetes-related compli-
cations seen in implanted grafts, due to the immunomodulatory 
and anti-inflammatory capabilities of stem cells. To prevent the 
calcification of elastin-based scaffolds implanted in diabetic 
conditions, the oxidative milieu needs to be reduced by elastin-
binding antioxidants such as PGG.
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