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Hypoxia plays an important role in limiting the engraftment, survival, and function of intrahepatically trans-
planted islets. Mesenchymal stem cells (MSCs) were recently used in animal models of islet transplantation 
not only to reduce allograft rejection but also to promote revascularization. Among different possible origins, 
adipose tissue represents a novel and good source of MSCs. Moreover, the capability of adipose tissue-derived 
stem cells (ASCs) to improve islet graft revascularization was recently reported after hybrid transplantation in 
mice. Within this context, we have previously shown that hyaluronan esters of butyric and retinoic acids can 
significantly enhance the rescuing potential of human MSCs (hMSCs). Here we evaluated whether ex vivo 
preconditioning of human ASCs (hASCs) with a mixture of hyaluronic (HA), butyric (BU), and retinoic (RA) 
acids may result in optimization of graft revascularization after islet/stem cell intrahepatic cotransplantation in 
syngeneic diabetic rats. We demonstrated that hASCs exposed to the mixture of molecules are able to increase 
the secretion of vascular endothelial growth factor (VEGF) as well as the transcription of angiogenic genes, 
including VEGF, KDR (kinase insert domain receptor), and hepatocyte growth factor (HGF). Rats transplanted 
with islets cocultured with preconditioned hASCs exhibited a better glycemic control than rats transplanted 
with an equal volume of islets and control hASCs. Cotransplantation with preconditioned hASCs was also 
associated with enhanced islet revascularization in vivo, as highlighted by graft morphological analysis. The 
observed increase in islet graft revascularization and function suggests that our method of stem cell precondi-
tioning may represent a novel strategy to remarkably improve the efficacy of islets-hMSCs cotransplantation.
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within hours to days in clinical intraportal islet transplan-
tation (13,19,23), mainly as a consequence of the instant 
blood-mediated inflammatory reaction (IBMIR) (4).

Besides IBMIR, however, other factors have been 
described that lead to poor islet engraftment, and among 
those hypoxia is considered to play an important role 
(9,23,41).

Normally, pancreatic islets have a dense capillary net-
work, which is responsible for the higher oxygen partial 
pressure in islets compared to surrounding exocrine tissue 

INTRODUCTION

Islet transplantation represents a fascinating procedure 
that, at moment, can be considered as alternative to stan-
dard insulin treatment or pancreas transplantation only for 
selected categories of patients with type 1 diabetes mellitus 
(27). Despite the different improvements described in the 
Edmonton protocol (39), insulin independence after islet 
transplantation is indeed still limited in time and strictly 
dependent on a high transplanted islet volume (1). It is esti-
mated that 60–80% of the transplanted islet mass is lost 
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and other organs (6,9). During the process of isolation 
and in vitro culture, however, the islet vasculature degen-
erates and the reestablishment of an adequate blood flow 
to transplanted islets depends on an angiogenesis process 
that requires several days (28). Consequently, during the 
culture period and in the first days following transplanta-
tion, hypoxic stress and lack of nutrients lead to a loss 
of a significant portion of b-cells (12,16,23). Moreover, 
even when completed, the process of islet graft revascu-
larization fails to recreate the same favorable condition 
of high oxygen tension for b-cells as in the native pan-
creatic gland (10). Consequently, besides other factors, 
inadequate blood supply is crucial not only to limit the 
islet transplant engraftment but also to impair long-term 
islet function (26).

Mesenchymal stem cells (MSCs) are able to improve 
the revascularization process by secretion of antiapoptotic 
and angiogenic cytokines (35) and by direct differentia-
tion into endothelial cells (32,40). Moreover, recently it 
has been reported that in animal models MSCs are able 
to enhance survival and function of islet graft not only by 
immune modulation mechanisms (5) but also by increas-
ing islet revascularization (20). In detail, MSCs secrete 
cytokines like vascular endothelial growth factor (VEGF) 
and hepatocyte growth factor (HGF), which are able both 
to protect endocrine and endothelial islet cells after isola-
tion and to increase islet revascularization after transplant 
(8,11,14,33).

Besides bone marrow and human cord blood, adi-
pose tissue showed to be a high-throughput source for 
human MSCs (hMSCs) (46). Moreover, the capability 
of adipose tissue-derived stem cells (ASCs) to improve 
survival and function of transplanted islets was demon-
strated after hybrid transplantation under the kidney cap-
sule of mice (31).

Within this context, we have previously shown that 
hyaluronan esters of butyric and retinoic acids can signifi-
cantly enhance the rescuing potential of hMSCs in both 
heart and kidney rat models of tissue damage (25,44) and 
that these beneficial effects were mediated by the transcrip-
tional action of hyaluronan grafted moieties intracellularly 
released by the mixed ester (44). Based on these findings, 
in the current study, we investigated whether ex vivo pre-
conditioning of human ASCs (hASCs) with a mixture of 
hyaluronic (HA), butyric (BU), and retinoic (RA) acids 
may result in optimization of islet revascularization and 
function after stem cell cotransplantation in a syngeneic 
intrahepatic islet transplantation model in diabetic rats.

MATERIALS AND METHODS

Isolation and Culture of hASCs

According to the policy approved by the local ethi-
cal committee, all tissue samples were obtained after 
informed consent.

Human subcutaneous adipose tissue samples were 
obtained from lipoaspiration/liposuction procedures. 
After washing, lipoaspirates were digested with 0.2% 
collagenase A type I solution (Sigma-Aldrich), under 
gentle agitation for 45 min at 37°C, and centrifuged at 
2000 rpm for 10 min to separate the stromal vascular frac-
tion (SVF) from adipocytes. If necessary, the MSC frac-
tion was treated with red blood cell lysis buffer for 5 min 
at 37°C and then centrifuged again. The supernatant was 
discarded, and the cell pellet was resuspended and seeded 
in culture flasks in Dulbecco’s modified Eagle’s medium 
(DMEM)–low glucose (Lonza) supplemented with 20% 
heat-inactivated fetal bovine serum (FBS), 1% penicillin–
streptomycin, and 2 mM l-glutamine and incubated at 
37°C in a humidified atmosphere with 5% CO

2
. When the 

cultures were near confluence, the cells were detached by 
treatment with trypsin-EDTA 1´ (Sigma-Aldrich), char-
acterized, subcultured, and used at passage numbers 3–5.

Preconditioning of hASCs

Human ASCs were seeded at 8,000 cells/cm2 in 
DMEM/20% FBS, and after 24 h the medium was 
changed to DMEM/10% FBS containing HA (2 mg/ml), 
BU (5 mM), and RA (1 μM) (all chemicals were pur-
chased from Sigma-Aldrich). Control cells were cultured 
in DMEM/10% FBS.

ELISA

To investigate whether the mixture of HA, BU, and 
RA may affect the production of angiogenic and anti-
apoptotic factors, hASCs were cultured in DMEM/2% 
FBS in absence (control) or presence (preconditioned) 
of HA, BU, and RA, and supernatants were collected 
at defined time intervals of 1-2-3-6 days (n = 3). For 
each sample, cell proteins were extracted by trichloro-
acetic acid (TCA) precipitation/NaOH lysis, and the total 
amount was quantified by Bradford assay and used for 
normalization. VEGF concentration (pg/ml) was mea-
sured by enzyme immunoassay (Human VEGF ELISA 
Kit, Boster Biosciences Co., Ltd.). Data are expressed 
as pg of secreted factor per μg of protein at the time of 
harvest.

Gene Expression

Total RNA from control or preconditioned hASCs 
was extracted at 1-2-3 days using the RNeasy Micro Kit 
(QIAGEN), and 1 μg was reverse-transcribed into cDNA 
in a 21-μl reaction volume with SuperScriptTM III reverse 
transcriptase (Invitrogen). To assess gene expression, 2 μl 
of cDNA were used for real-time PCR performed with 
a Lightcycler system (Roche Applied Science) and with 
the SYBR Green I FastStart kit (Lightcycler® FastStart 
DNA MasterPLUS SYBR Green I), following the manu-
facturer’s instructions.
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Primers used (0.25 μM) were as follows: VEGF for-
ward 5¢-AGAAGGAGGAGGGCAGAATC-3¢ and reverse 
5¢-ACACAGGATGGCTTGAAGATG-3¢; KDR (kinase  
insert domain receptor) forward 5¢-CTGCAAATTTGGA 
AACCTGTC-3¢ and reverse 5¢-GAGCTCTGGCTACT 
GGTGATG-3¢; HGF forward 5¢-ATTTGGCCATGAAT 
TTGACCT-3¢ and reverse 5¢-ACTCCAGGGCTGACA 
TTTGAT-3¢; glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) forward 5¢-CAGCCTCAAGATCATCAGCA-3¢ 
and reverse 5¢-TGTGGTCATGAGTCCTTCCA-3¢.

Primers for b-actin (ACTB) and hypoxanthine phos-
phoribosyltransferase 1 (HPRT1) were purchased from 
OriGene Technologies, Inc.

Data were normalized using three housekeeping genes 
(ACTB, GAPDH, HPRT1) as an index of cDNA content 
after reverse transcription. Relative quantification of 
mRNA expression was calculated with the comparative 
Ct method using the “delta-delta method” for comparing 
relative expression results between treatments in real-
time PCR (34).

Experimental Animals

Male Lewis rats were purchased from Charles 
River Laboratories, Inc. (Lecco, Italy). Rats weighing 
approximately 200 g were used as recipients, and those 
weighing 300–350 g were used as donors. The use of 
animals and the animal procedures of this study were 
approved by the Bioethics Committee of the University 
of Bologna.

Isolation of Rat Pancreatic Islets

Rats were anesthetized with isoflurane (Abbott Labo-
ratories, Lake County, USA), and subsequently sacrificed 
by neck dislocation. Islet isolation and purification were 
performed according to a modified procedure described 
earlier (18). Briefly, after cannulation of the common 
bile duct, 10 ml of enzyme solution of collagenase NB8 
(SERVA Electrophoresis, Heidelberg, Germany), at a 
concentration of 1.3 mg/ml in Hank’s balanced salt solu-
tion (HBSS), were injected by retrograde perfusion of 
the pancreas. After organ procurement, enzymatic diges-
tion took place for 12–15 min at 37°C in a water bath 
with two intermitted 1-min periods of vigorous shaking. 
Following a wash step with 10% FBS/HBSS and filtra-
tion through cheesecloth, islets were obtained by centrif-
ugation in a discontinuous density gradient of Histopaque 
1077 (Sigma-Aldrich) and HBSS, with subsequent hand-
picking and microscope examination. The total number 
of islets in each diameter class was counted using an opti-
cal graticule. The number was then converted to the stan-
dard number of islet equivalents (IEQ). Islet viability was 
assessed using fluorescent staining with acridine orange 
and propidium iodide (Sigma-Aldrich). Islets with viabil-
ity >90% were used for transplantation purposes.

Immediately after counting, isolated rat islets were 
incubated with hASCs that had been previously precondi-
tioned for 5 days (as already described above). To facili-
tate the adhesion of hASCs to the islet surface, we used 
the procedure described by Johansson et al. (21). In brief, 
the total volume of isolated islets was mixed with control 
or preconditioned hASCs at a cell/islet ratio of 5,000/100 
in islet medium RPMI-1640 (Lonza), supplemented with 
10% FBS, 2 mM l-glutamine, 1% antibiotic–antimycotic 
solution. The cell suspensions were incubated at 37°C 
for 2 h in culture tubes and mixed gently twice per hour. 
Thereafter, the mixture of islets and hASCs was seeded in 
ultra-low attachment plates (Corning) and cultured for up 
to 3 days in a humidified incubator at 37°C, 5% CO

2
.

To detect the capability of hASCs to adhere to the 
islet surface, in a pilot test we cultured islets with hASCs 
transfected with green fluorescent protein (GFP). At the 
end of a 3-day coculture period, the eventual formation of 
composite hASCs–islets was evaluated by immunofluo-
rescence microscopy.

For transplant purpose, at the end of the coculture 
period, islets and hASCs were hand-picked, washed 
three times with 10 ml of HBSS containing 2% Lewis rat 
serum, resuspended in transplant medium (HBSS/10% 
rat serum), and placed on ice until transplantation.

Cotransplantation of Islets and hASCs  
and Monitoring of Islet Graft Function

Diabetes was induced in rats by a single 70 mg/kg intra-
peritoneal injection of streptozotocin (Sigma-Aldrich). 
Only rats with blood glucose levels of more than 400 mg/dl  
for 3 consecutive days were used as recipients of islet 
grafts. The animals were anesthetized with xylazine–
tiletamine–zolazepam (Zoletil®, Virbac, Carros, France) 
and placed on a delta-phase heating pad (2Biol, Besozzo, 
Italy). A suboptimal volume of 500 cultured islets  
(2,500 islet/kg) that in our experience allowed the reduc-
tion of blood glucose levels of transplanted rats without 
achieving reversal of diabetes and the cocultured control 
or preconditioned hASCs were transplanted in diabetic 
rats weighing approximately 200 g (n = 7 per group, con-
trol or preconditioned group, respectively). With the aim 
to favor graft detection after intraportal injection and to 
permit a comparative analysis between the two study 
groups, we transplanted islets only in the caudate lobe of 
the rat liver, as already described (24). Briefly, the cav-
ity was accessed by midline incision. The portal branches 
to the left, middle, and right liver lobes were temporar-
ily closed with microvascular clamps, after which islets 
of both study groups were slowly injected into the por-
tal vein by a 26-gauge needle, in a volume of 300 μl of 
transplant medium, directing the islets to the caudate liver 
lobe. The clamps were released and the injection needle 
was removed. Bleeding was stopped with a cotton swap 
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by gentle compression at the site of injection. After clos-
ing the abdomen with sutures, the recipient was allowed 
to recover. After transplantation, blood glucose levels 
were daily measured with a glucometer (A. Menarini, 
Firenze, Italy), using samples obtained from the tail vein. 
Animals exhibiting nonfasting blood glucose levels <300 
mg/dl for at least 3 consecutive days were considered 
“with improved glycemic control,” while animals with 
levels <200 mg/dl after 3 consecutive days were consid-
ered “normoglycemic.” On the 15th posttransplantation 
day, intraperitoneal glucose tolerance test (IPGTT) was 
performed by injecting intraperitoneally normal saline 
containing 2 g glucose/kg body weight into overnight-
fasting rats. The rat blood glucose levels were then mea-
sured at 30, 60, 90, and 120 min after injection.

Morphological and Immunohistochemical Examination

At the end of a 3-day coculture period, islet morphol-
ogy was evaluated by direct microscopic observation using 
control and preconditioned hASCs transfected with GFP.

For histological examination islets were fixed in Bouin 
solution, embedded in 2% agarose in PBS, and then 
allowed to polymerize on ice. The enrobed islets were 
processed for paraffin embedding, and 4-mm sections 
were cut on a microtome (Leica RM2125RT). Sections 
were deparaffinized in xylene, rehydrated through 
decreasing concentrations of ethanol, and stained with 
hematoxylin and eosin (H&E). Deparaffinized sections 
were placed in TRIS/EDTA Buffer (pH 9.0) and heated 
for 1 min in a pressure cooker (110°C) for antigen 
retrieval. Subsequently, retrieved sections were blocked 
with 2% normal goat serum (NGS) in 1% bovine serum 
albumin (BSA) in PBS for 30 min at room temperature. 
The slides were then incubated with the anti-human 
mitochondria monoclonal antibody, clone 113-1 (1:50, 
Millipore) for 60 min at room temperature to evalu-
ate the adhesion of the human MSCs to the islets. The 
islet sections were then stained for immunofluorescence 
by the mouse anti-insulin monoclonal antibody clone 
K36AC10 (1:500, Sigma-Aldrich) used at 4°C for over-
night, followed by the secondary antibodies anti-mouse 
IgG (Fc specific) fluorescein isothiocyanate (FITC)-
conjugated (1:250, Sigma-Aldrich) or Alexa Fluor® 555 
(1:1,000, Invitrogen) in 1% BSA in PBS for 1 h at 37°C to 
evaluate b-cell viability. To detect intraislet endothelial 
cells, lectin Bandeiraea simplicifolia (BS-1) tetramethyl 
rhodamine isothiocyanate (TRITC)-conjugated (1:100, 
Sigma-Aldrich) was employed in 1% BSA in PBS for  
45 min at 37°C, after a second blocking with normal 
mouse serum (NMS) for 30 min at room temperature.

To evaluate islet graft morphology and in particular 
their revascularization process, immediately after sacri-
fice the caudate liver lobes were harvested from the trans-
planted rats, fixed in formalin solution for 24 h, embedded 

in paraffin, and cut into 4-μm sections. Paraffin sections 
were stained for insulin and lectin BS-1 using the same 
products reported above. To evaluate the level of the islet 
graft revascularization, the number of insulin-positive 
cells and lectin BS-1-positive capillary segments were 
counted in seven pictures randomly selected for both 
study groups, and the obtained capillary/b-cell ratios 
were compared.

Furthermore, to evaluate the presence of hASCs after 
transplantation, sections were stained with the anti-human 
mitochondria monoclonal antibody plus the secondary 
goat anti-mouse Alexa Fluor® 488 (1:250, Invitrogen) 
in 1% BSA in PBS for 1 h at 37°C. Samples were cov-
erslipped with ProLong antifade reagent with DAPI 
(Molecular Probes).

Slides were studied with a Leica DMI4000 B inverted 
fluorescence microscope and the image acquisition LAS 
AF software (Leica Microsystems).

Statistical Analysis

Data are presented as mean ± SD (standard devia-
tion). Statistical comparison of two groups was carried 

out by two-sided unpaired Student’s t test and log-rank 
test. Comparison of more than two groups was performed 
by one-way ANOVA, followed by Bonferroni post hoc 
test (GraphPad Prism). A value of p < 0.05 was assumed 
as the limit of significance (significance level: *p < 0.05, 
**p < 0.01, and ***p<0.001).

RESULTS

Preconditioning of hASCs With a Mixture of HA, BU, 
and RA Enhances VEGF Secretion, and the Expression 
of Angiogenic Genes

ELISA revealed that control hASCs secreted consis-
tent amounts of VEGF throughout the investigated time 
course. Noteworthy, culturing of hASCs in the presence of 
the preconditioning mixture resulted in a remarkable, time-
dependent increase in VEGF secretion, starting as early as 
24 h, and peaking after 6 days of exposure (Fig. 1A).

Real-time PCR provided evidence that stem cell pre-
conditioning increased the transcription of genes that 
have been shown to play a crucial role in the orchestration 
of angiogenic signals, including VEGF (Fig. 1B), KDR 
(Fig. 1C), encoding a major VEGF receptor, and HGF 
(Fig. 1D). VEGF expression peaked at 24 h after treat-
ment and then decreased in spite of maintaining a level  
higher than in control cells. Downregulation of VEGF 
gene and the concomitant increased VEGF secretion sug-
gest that an autocrine regulation is likely to occur.

Formation of Composite hASCs–Islets

Stem cell adhesion to the surface of cocultured islets 
was clearly detectable at microscopic examination using 
GFP-expressing hASCs. Approximately 50% of the islets 
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presented hASCs on their surface at the end of the cocul-
ture period (Fig. 2A). The half part of the islets, however, 
appeared without hASCs coating their surface (Fig. 2B). 
The formation of composite hASCs–islets was confirmed 
by immunohistochemistry using the anti-human mito-
chondria monoclonal antibody (Fig. 2C). No difference 
in the formation frequency of composite hASCs–islets 
was evidenced between the two study groups.

High Presence of Intraislet Endothelial Cells  
After Coculture With Preconditioned hASCs

The majority of islets from both study groups, except 
for the occasional presence of central necrosis in the core 
region of the larger ones, showed an intact morphology 
at immunohistochemical examination at the end of the 
3-day coculture period. Interestingly, islets cocultured 
with preconditioned hASCs revealed a higher presence 
of intraislet endothelial cells, as compared to islets from 
control group (Fig. 3A, B).

Cotransplantation of Preconditioned hASCs  
Enhances Islet Graft Function

Diabetic rats transplanted with 500 syngeneic islets 
of preconditioned group demonstrated enhanced gly-
cemic control, compared with rats of control group. 
In particular, significant differences (p < 0.05, p < 0.01, 
p < 0.001) in nonfasting glucose levels were registered 
between the rats of the two study groups at all the time 
points 1 week after transplantation (Fig. 4A). The per-
centage of recipient rats with achievement of improved 
blood glucose control (nonfasting blood glucose < 300 
mg/dl) is reported in Figure 4B. A remarkable improve-
ment in blood glucose control was registered in six 
of seven (85.7%) rats of preconditioned group, com-
pared with three of seven (42.8%) rats of control group 
(p < 0.05). Moreover, two of the recipients of precon-
ditioned group (28.5%) became normoglycemic (non-
fasting glucose < 200 mg/dl), while none of the rats 
of the control group achieved normal glucose levels. 

Figure 1. Enhanced VEGF secretion and angiogenic gene expression in preconditioned hASCs. Time-course analysis of vascular 
endothelial growth factor (VEGF) released by human adipose tissue-derived stem cells (hASCs) cultured for up to 6 days in the absence 
(white bar) or presence (black bar) of 2 mg/ml hyaluronic (HA), 5 mM butyric (BU), and 1 μM retinoic (RA) acids (n = 3) (A). VEGF 
(B), kinase insert domain receptor (KDR) (C), and hepatocyte growth factor (HGF) (D) gene expression was assessed by real-time 
PCR. Cells were cultured for up to 3 days in the absence or presence of HA, BU, and RA. The abundance of each mRNA in control 
cells was defined as 1, and the amounts of VEGF, KDR, or HGF mRNA from preconditioned cells were plotted relative to that value 
(n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Formation of composite hASCs–islets. The half part of islets remained uncovered (A), while approximately 50% of 
islets appeared covered by green fluorescent protein (GFP)-expressing hASCs (B) without difference between the two study 
groups. Immunohistochemical detection of anti-human mitochondria-positive cells (arrows) in cultured rat pancreatic islets (C). 
Scale bar: 100 mm.

Figure 3. High expression of endothelial cells in islet cultured with preconditioned hASCs. Immunofluorescent staining of 3-day cultured 
islets in presence of hASCs (A) or preconditioned hASCs (B). b-Cells are stained with antibody anti-insulin (green), intraislet endothelial 
cells are stained with lectin Bandeiraea simplicifolia (BS-1) (red), and nuclei are stained with DAPI (blue). Scale bar: 50 μm.
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The IPGTT performed at the 15th day after transplant 
detected significantly lower levels of glucose at 60 and 
90 min (p < 0.01) in the rats transplanted with islets of 
the preconditioned group (Fig. 4C).

Cotransplantation of Preconditioned hASCs Increases 
the Revascularization Process of Transplanted Islets

Islet transplantation only in the caudate liver lobe of the 
recipient rats allowed the detection of a high number of islet 
grafts at the histological examination and consequently 
permitted an accurate comparative immunohistochemi-
cal analysis of the graft vascularization between the two 

study groups (Fig. 5). As shown in Figure 5E, the capil-
lary number per b-cell in the islet graft of preconditioned 
group was sensibly superior to that of control group 
(n = 7 sections examined per group) (0.117 ± 0.02 vs.  
0.062 ± 0.02 capillary fragments per b-cell, p < 0.01). 
The presence of anti-human mitochondria-positive cells, 
located in proximity of the engrafted b-cells, indicated the 
viability of hASCs for up to 2 weeks after transplantation 
(Fig. 5F). This result clearly shows that a preconditioning 
strategy with natural molecules can improve the ability 
of hASCs to increase islet revascularization process after 
transplantation in an animal model.

DISCUSSION

The employment of MSCs to improve the efficacy of 
pancreatic islet transplantation represents a new promis-
ing research approach (5,20,21,33). Recently, the abil-
ity of ASCs to enhance pancreatic islet engraftment and 
functionality by inhibition of inflammatory host response 
and improvement of graft revascularization was demon-
strated in an animal model of diabetes (31). An important 
element involved in the maintenance of a good function 
of the graft is the secretion of antiapo ptotic and vas-
culogenic factors by MSCs (46) that exert a protective 
effect on islet cells during the culture period and increase 
the revascularization of transplanted islets (8,20,33). 
One of the most important cytokines produced by both 
mesenchymal stem cells and endothelial cells is VEGF, 
which has an antiapoptotic effect and exerts a fundamen-
tal role in vessel development. During the procedure of 
islet isolation and culture, not only a significant portion 
of b-cell mass but even intraislet endothelial cells, which 
are essential for the process of revascularization after 
transplant, get lost (7,30). Therefore, the reduced pro-
duction of VEGF, caused by necrosis of endocrine cells, 
impairs the already poor process of posttransplant revas-
cularization (22,26).

In this study, we showed that the regenerative action 
exerted by hASCs could be increased by precondition-
ing these cells with a mixture of natural molecules as 
hyaluronic, butyric, and retinoic acids. Specifically, the 
intrahepatic transplantation of a subtherapeutic volume of 
islets cultured for 72 h in the presence of preconditioned 
hASCs showed an enhanced revascularization and func-
tion, compared to islets cultured with control cells. The 
beneficial effects of this new strategy may result from 
the ability of the preconditioning mixture to increase the 
gene and protein expression of VEGF, as well as the tran-
scription of KDR and HGF, which have been shown to be 
involved in autocrine/paracrine circuitries of angiogenic 
signaling amplification (2,29).

The higher production of vasculogenic and antiapo-
ptotic cytokines by preconditioned cells could also 
explain the higher presence of intraislet endothelial cells 

Figure 4. Improved islet graft function after cotransplantation 
with preconditioned hASCs. Diabetic rats from preconditioned 
group showed lower nonfasting glucose levels compared to rats 
of the control group at all the time points one week after trans-
plant (A). Approximately 500 islets were sufficient to achieve 
a strong improvement of glycemic control (blood glucose  
levels < 300 mg/dl for at least 3 consecutive days) in 85.7% of 
animals receiving preconditioned cells, compared to 42.8% 
of control recipient rats (B). Intraperitoneal glucose tolerance 
test (IPGTT) performed in overnight fasting rats 15 days after 
transplantation revealed lower blood glucose levels after 60 and  
90 min in rats of preconditioned group (C). *p < 0.05, **p < 0.01, 
***p < 0.001 versus control group at respective time points.
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in islets evaluated after a 72-h coculture with precondi-
tioned hASCs and the reduction of necrosis that is only 
occasionally observed in the core region of larger islets.

The in vivo studies indicate that the favorable prosur-
vival effect on intraislet endothelial cells, provided in vitro 
by stem cell preconditioning, leads to an improved vascu-
lar network after islet/preconditioned hASC cotransplan-
tation in diabetic rats and that the animals subjected to 
this protocol could benefit from a remarkably enhanced 
glycemic control. This finding indicates that the currently 
described procedure not only preserves structural fea-
tures of the islets and their inherent vascular network but 
can also impact on the molecular plight that controls the 
attainment of a proper islet function.

The use of adipose tissue as an alternative stem cell 
source is one of the most intriguing fields of recent inter-
est. Fat can be used in autologous fashion and exhibits 
ideal characteristics, being readily available, inexpen-
sive, and host compatible. It is also abundant and can be 
repeatedly harvested and cryopreserved for banking and 
subsequent use in one of the several therapeutic appli-
cations that may be envisioned from hMSCs. Moreover, 
hASCs have already been used in clinical settings in the 

treatment of several pathologies (15,36,43), and their 
efficacy and safety allow their clinical use in the field of 
islet transplantation.

It has been recently shown that lipoaspirates can be 
obtained after minimally invasive harvesting and pro-
cessed with mild mechanical forces in the absence of 
any enzymatic digestion or growth factor additives, 
leading to a significant simplification and cost decrease 
in fat processing (42). Our preconditioning strategy may 
also be applied in principle to hASCs isolated from these 
none nzymatic fat products, and studies are on the way to 
assess such a perspective.

Although the rescuing ability of MSCs has been a 
driving force behind initial studies examining their thera-
peutic effectiveness, their immunomodulatory properties 
are equally exciting in terms of exploring their potential 
implications in various disease models, including auto-
immune diseases, as type 1 diabetes (3). An important 
immunological feature of MSCs is the inhibition of T-cell 
proliferation and dendritic cell differentiation, due to 
their low expression of costimulatory molecules and the 
absence of class II human leukocyte antigen (HLA). In 
addition, MSCs are able to synthesize trophic mediators 

Figure 5. Enhanced islet graft revascularization by preconditioned hASC cotransplantation. Two weeks after transplant, islets of pre-
conditioned group showed intact b-cells detected by antibody anti-insulin (A) and a dense capillary network stained with BS-1 (B). 
Merged photograph of A and B (C). Merged photograph of control group islet (D). Scale bar: 100 μm. Analysing seven islet graft pictures 
for group, a higher capillary segments/b-cell ratio was detected in preconditioned versus control group (E) (**p < 0.01). Anti-human 
mitochondria-positive cells (green, arrows) revealed hASCs surrounding engrafted b-cells stained for insulin (red) (F). Scale bar: 25 μm.
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involved in immunomodulation, and to induce T-cell 
anergy and regulatory T cells (Treg) (45). One of the 
great expectations linked to the use of MSCs may 
therefore reside in their ability to successfully engraft, 
evading an immune response and inducing peripheral 
host tolerance, allowing hMSC xenotransplantation 
(25,37,44,45).

The results from our study show that preconditioning 
with natural molecules increases the protective effect of 
hMSCs on cultured islets, improving their posttransplant 
functionality. A period of islet culture may provide sev-
eral advantages in the clinical setting of islet transplanta-
tion, like optimization of the quality of islet preparations, 
and leaves additional time for the selection and treatment 
of the recipient with suitable pretransplant strategies (38). 
Moreover the use of cultured islets may facilitate their 
shipment to remote transplant centers (17).

Further studies are in progress to evaluate the effects 
of hASC preconditioning using human islets, and to this 
aim, hybrid transplantations of hASCs and human islets 
in immunodeficient mice should be performed. Should 
these future studies confirm our promising results, then 
the employment of hASCs preconditioned with the cur-
rently described mixture may be considered as a useful 
strategy even in a clinical setting, especially when cul-
tured islet transplantation is envisioned.

ACKNOWLEDGMENTS: The authors thank Dr. W. Moritz 
for scientific discussion and Prof. G. Pasquinelli for the use 
of the fluorescence microscope and his precious support in 
immunohistochemical analysis. The authors further thank M. 
Pariali for her excellent technical advice. This research was 
supported by Regione Emilia Romagna, Programma di Ricerca 
Regione-Università 2007/2009, Area 1b “Medicina rigenera-
tiva,” Italy; Ministero della Salute, Italy, Programma per la 
Ricerca Sanitaria: Attività di Ricerca sulle Cellule Staminali; 
Fondazione Fornasini, Poggio Renatico, Italy; Fondazione 
Cardinale Giacomo Lercaro, Bologna, Italy; Fondazione Luisa 
Fanti-Melloni, Bologna, Italy; Tavola Valdese, Rome, Italy. The 
authors declare no conflicts of interest.

REFERENCES

Alejandro, R.; Barton, F. B.; Hering, B. J.; Wease, S. 2008  1. 
Update from the Collaborative Islet Transplant Registry. 
Transplantation 86(12):1783–1788; 2008.
Ancelin, M.; Chollet-Martin, S.; Hervé, M. A.; Legrand, C.;  2. 
El Benna, J.; Perrot-Applanat, M. Vascular endothelial growth 
factor VEGF189 induces human neutrophil chemotaxis in 
extravascular tissue via an autocrine amplification mecha-
nism. Lab. Invest. 84(4):502–512; 2004.
Anzalone, R; Lo Iacono, M.; Loria, T.; Di Stefano,   3. 
A.; Giannuzzi, P.; Farina, F.; La Rocca, G. Wharton’s jelly 
mesenchymal stem cells as candidates for beta cells regener-
ation: Extending the differentiative and immunomodulatory 
benefits of adult mesenchymal stem cells for the treatment of 
type 1 diabetes. Stem Cell Rev. 7(2):342–363; 2011.
Bennet, W.; Sundberg, B.; Groth, C. G.; Brendel, M. D.;  4. 
Brandhorst, D.; Brandhorst, H.; Bretzel, R. G.; Elgue, G.; 
Larsson, R.; Nilsson, B.; Korsgren, O. Incompatibility 

between human blood and isolated islets of Langerhans: A 
finding with implications for clinical intraportal islet trans-
plantation? Diabetes 48(10):1907–1914; 1999.
Berman, D. M.; Willman, M. A.; Han, D.; Kleiner, G.; Kenyon,  5. 
N. M.; Cabrera, O.; Karl, J. A.; Wiseman, R. W.; O’Connor, 
D. H.; Bartholomew, A. M.; Kenyon, N. S. Mesenchymal 
stem cells enhance allogeneic islet engraftment in nonhuman 
primates. Diabetes 59(10):2558–2568; 2010.
Bonner-Weir, S. Morphological evidence for pancreatic  6. 
polarity of beta-cell within islets of Langerhans. Diabetes 
37(5):616–621; 1988.
Brissova, M.; Fowler, M.; Wiebe, P.; Shostak, A.; Shiota,  7. 
M.; Radhika, A.; Lin, P. C.; Gannon, M.; Powers, A. C. 
Intraislets endothelial cells contribute to revascularization 
of transplanted pancreatic islets. Diabetes 53(5):1318–
1325; 2004.
Brissova, M.; Shostak, A.; Shiota, M.; Wiebe, P. O.;  8. 
Poffenberger, G.; Kantz, J.; Chen, Z.; Carr, C.; Jerome,  
W. G.; Chen, J.; Baldwin, H. S.; Nicholson, W.; Bader, D. 
M.; Jetton, T.; Gannon, M.; Powers, A. C. Pancreatic islet 
production of vascular endothelial growth factor-a is essen-
tial for islet vascularization, revascularization, and func-
tion. Diabetes 55(11):2974–2985; 2006.
Carlsson, P. O.; Palm, F.; Andersson, A.; Liss, P. Markedly  9. 
decreased oxygen tension in transplanted rat pancre-
atic islets irrespective of the implantation site. Diabetes 
50(3):489–495; 2001.
Carlsson, P. O.; Palm, F.; Mattsson, G. Low revasculariza-10. 
tion of experimentally transplanted human pancreatic islets. 
J. Clin. Endocrinol. Metab. 87(12):5418–5423; 2002.
Cheng, Y.; Liu, Y. F.; Zhang, J. L.; Li, T. M.; Zhao, N. 11. 
Elevation of vascular endothelial growth factor produc-
tion and its effect on revascularization and function of graft 
islets in diabetic rats. World J. Gastroenterol. 13(20):2862–
2866; 2007.
Davalli, A. M.; Scaglia, L.; Zangen, D. H.; Hollister, J.; 12. 
Bonner-Weir, S.; Weir, G. C. Vulnerability of islets in the 
immediate posttransplantation period. Dynamic changes in 
structure and function. Diabetes 45(9):1161–1167; 1996.
Eich, T.; Eriksson, O.; Lundgren, T. Visualization of early 13. 
engraftment in clinical islet transplantation by positron-
emission tomography. N. Engl. J. Med. 356(26):2754–
2755; 2007.
Fiaschi-Taesch, N. M.; Berman, D. M.; Sicari, B. M.; 14. 
Takane, K. K.; Garcia-Ocaña, A.; Ricordi, C.; Kenyon, 
N. S.; Stewart, A. F. Hepatocyte growth factor enhances 
engraftment and function of nonhuman primate islets. 
Diabetes 57(10):2745–2754; 2008.
García-Olmo, D.; García-Arranz, M.; Herreros, D.; Pascual, 15. 
I.; Peiro, C.; Rodríguez-Montes, J. A. A phase I clinical trial 
of the treatment of Crohn’s fistula by adipose mesenchymal 
stem cell transplantation. Dis. Colon Rectum 48(7):1416–
1423; 2005.
Giuliani, M.; Moritz, W.; Bodmer, E.; Dindo, D.; 16. 
Kugelmeier, P.; Lehmann, R.; Gassmann, M.; Groscurth, 
P.; Weber, M. Central necrosis in isolated hypoxic human 
pancreatic islets: Evidence for postisolation ischemia. Cell 
Transplant. 14(1):67–76; 2005.
Goss, J. A.; Goodpastor, S. E.; Brunicardi, F. C.; Barth,  17. 
M. H.; Soltes, G. D.; Garber, A. J.; Hamilton, D. J.; Alejandro, 
R.; Ricordi, C. Development of a human pancreatic islet-
transplant program through a collaborative relationship 
with a remote islet-isolation center. Transplantation 77(3): 
462–466; 2004.



2780 CAVALLARI ET AL.

Gotoh, M.; Maki, T.; Kiyoizumi, T.; Satomi, S.; Monaco, 18. 
A. P. An improved method for isolation of mouse pancre-
atic islets. Transplantation 40(4):437–438; 1985.
Harlan, D. M.; Kenyon, N. S.; Korsgren, O.; Roep, B. O.  19. 
Current advances and travails in islet transplantation. 
Diabetes 58(10):2175–2184; 2009.
Ito, T.; Itakura, S.; Todorov, I.; Rawson, J.; Asari, S.; 20. 
Shintaku, J.; Nair, I.; Ferreri, K.; Kandeel, F.; Mullen, Y. 
Mesenchymal stem cell and islet cotransplantation pro-
motes graft revascularization and function. Transplantation 
89(12):1438–1445; 2010.
Johansson, U.; Rasmusson, I.; Niclou, S. P.; Forslund, N.; 21. 
Gustavsson, L.; Nilsson, B.; Korsgren, O.; Magnusson, P. U.  
Formation of composite endothelial cell-mesenchymal 
stem cell islets. A novel approach to promote islet revascu-
larization. Diabetes 57(9):2393–2401; 2008.
Kampf, C.; Mattsson, G.; Carlsson, P. O. Size-dependent 22. 
revascularization of transplanted pancreatic islets. Cell 
Transplant. 15(2):205–209; 2006.
Korsgren, O.; Lundgren, T.; Felldin, M.; Foss, A.; Isaksson, 23. 
B.; Permert, J.; Persson, N. H.; Rafael, E.; Rydén, M.; 
Salmela, K.; Tibell, A.; Tufveson, G.; Nilsson, B. Optimising 
islet engraftment is critical for successful clinical islet 
transplantation. Diabetologia 51(2):227–232; 2008.
Kugelmeier, P.; Nett, P. C.; Züllig, R.; Lehmann, R.; Weber, 24. 
M.; Moritz, W. Expression and hypoxic regulation of the 
endothelin system in endocrine cells of human and rat pan-
creatic islets. JOP 9(2):133–149; 2008.
La Manna, G.; Bianchi, F.; Cappuccilli, M.; Cenacchi, G.; 25. 
Tarantino, L.; Pasquinelli, G.; Valente, S.; Della Bella, E.; 
Cantoni, S.; Cavallini, C.; Neri, F.; Tsivian, M.; Nardo, B.; 
Ventura, C.; Stefoni, S. Mesenchymal stem cells in renal 
function recovery after acute kidney injury. Use of a differ-
entiating agent in a rat model. Cell Transplant. 20(8):1193–
1208; 2011.
Lau, J.; Carlsson, P. O. Low revascularization of human 26. 
islets when experimentally transplanted into the liver. 
Transplantation 87(3):322–325; 2009.
Lehmann, R.; Spinas, G. A.; Moritz, W.; Weber, M. Has 27. 
time come for new goals in human islet transplantation? 
Am. J. Transplant. 8(6):1096–1100; 2008.
Menger, M. D.; Jaeger, S.; Walter, P.; Feifel, G.; Hammersen, 28. 
F.; Messmer, K. Angiogenesis and hemodynamics of micro-
vasculature of transplanted islets of Langerhans. Diabetes 
38(Suppl 1):199–201; 1989.
Millauer, B.; Wizigmann-Voos, S.; Schnurch, H.; Martinez, 29. 
R.; Moller, N. P.; Risau, W.; Ullrich, A. High affinity VEGF 
binding and developmental expression suggest Flk-1 as a 
major regulator of vasculogenesis and angiogenesis. Cell 
72(6):835–846; 1993.
Nyqvist, D.; Köhler, M.; Wahlstedt, H.; Berggren, P. O. 30. 
Donor islet endothelial cells participate in formation and 
functional vessels within pancreatic islet grafts. Diabetes 
54(8):2287–2293; 2005.
Ohmura, Y.; Tanemura, M.; Kawaguchi, N.; Machida, 31. 
T.; Tanida, T.; Deguchi, T.; Wada, H.; Kobayashi, S.; 
Marubashi, S.; Eguchi, H.; Takeda, Y.; Matsuura, N.; Ito, 
T.; Nagano, H.; Doki, Y.; Mori, M. Combined transplanta-
tion of pancreatic islets and adipose tissue-derived stem 
cells enhances the survival and insulin function of islet 
grafts in diabetic mice. Transplantation 90(12):1366–
1373; 2010.
Oswald, J.; Boxberger, S.; Jørgensen, B.; Feldmann, S.; 32. 
Ehninger, G.; Bornhäuser, M.; Werner, C. Mesenchymal 

stem cells can be differentiated into endothelial cells in 
vitro. Stem Cells 22(3):377–384; 2004.
Park, K. S.; Kim, Y. S.; Kim, J. H.; Choi, B.; Kim, S. H.; 33. 
Tan, A. H.; Lee, M. S.; Lee, M. K.; Kwon, C. H.; Joh, J. W.;  
Kim, S. J.; Kim, K. W. Trophic molecules derived from 
human mesenchymal stem cells enhance survival, function 
and angiogenesis of isolated islets after transplantation. 
Transplantation 89(5):509–517; 2010.
Pfaffl, M. W. A new mathematical model for relative 34. 
quantification in real-time RT-PCR. Nucleic Acids Res. 
29(9):e45; 2001.
Rehman, J.; Traktuev, D.; Li, J.; Merfeld-Clauss, S.; Temm-35. 
Grove, C. J.; Bovenkerk, J. E.; Pell, C. L.; Johnstone, B. H.;  
Considine, R. V.; March, K. L. Secretion of angiogenic 
and antiapoptotic factors by human adipose stromal cells. 
Circulation 109(10):1292–1298; 2004.
Rigotti, G.; Marchi, A.; Galiè, M.; Baroni, G.; Benati, D.; 36. 
Krampera, M.; Pasini, A.; Sbarbati, A. Clinical treatment 
of radiotherapy tissue damage by lipoaspirate transplant: 
A healing process mediated by adipose-derived adult stem 
cells. Plast. Reconstr. Surg. 119(5):1409–1424; 2007.
Rossignol, J.; Boyer, C.; Thinard, R.; Remy, S.; Dugast, 37. 
A. S.; Dubayle, D.; Dey, N. D.; Boeffard, F.; Delecrin, 
J.; Heymann, D.; Vanhove, B.; Anegon, I.; Naveilhan, P.; 
Dunbar, G. L.; Lescaudron, L. Mesenchymal stem cells 
induce a weak immune response in the rat striatum after allo 
or xenotransplantation. J. Cell. Mol. Med. 13(8B):2547–
2558; 2009.
Shapiro, A. M. State of the art of clinical islet transplan-38. 
tation and novel protocols of immunosuppression. Curr. 
Diab. Rep. 11(5):345–354; 2011.
Shapiro, A. M.; Lakey, J. R.; Ryan, E. A.; Korbutt, G. S.; 39. 
Toth, E.; Warnock, G. L.; Kneteman, N. M.; Rajotte, R. V. 
Islet transplantation in seven patients with type 1 diabetes 
mellitus using a glucocorticoid-free immunosuppressive 
regimen. N. Engl. J. Med. 343(4):230–238; 2000.
Silva, G. V.; Litovsky, S.; Assad, J. A.;40.  Sousa, A. L.; 
Martin, B. J.; Vela, D.; Coulter, S. C.; Lin, J.; Ober, J.; 
Vaughn, W. K.; Branco, R. V.; Oliveira, E. M.; He, R.; 
Geng, Y. J.; Willerson, J. T.; Perin, E. C. Mesenchymal 
stem cells differentiate into an endothelial phenotype, 
enhance vascular density, and improve heart function in 
a canine chronic ischemia model. Circulation 111(2):150–
156; 2005.
Smith, R. M.; Gale, E. A. Survival of the fittest? Natural  41. 
selection in islet transplantation. Transplantation 79(10): 
1301–1303; 2005.
Tremolada, C.; Palmieri, G.; Ricordi, C. Adipocyte trans-42. 
plantation and stem cells: Plastic surgery meets regenera-
tive medicine. Cell Transplant. 19(10):1217–1223; 2010.
Valina, C.; Pinkernell, K.; Song, Y. H.; Bai, X.; Sadat, S.; 43. 
Campeau, R. J.; Le Jemtel, T. H.; Alt, E. Intracoronary 
administration of autologous adipose tissue-derived stem 
cells improves left ventricular function, perfusion, and 
remodeling after acute myocardial infarction. Eur. Heart J. 
28(21):2667–2677; 2007.
Ventura, C.; Cantoni, S.; Bianchi F.; Lionetti, V.; Cavallini, C.;  44. 
Scarlata, I.; Foroni, L.; Maioli, M.; Bonsi, L.; Alviano, F.; 
Fossati, V.; Bagnara, G. P.; Pasquinelli, G.; Recchia, F. A.; 
Perbellini, A. Hyaluronan mixed esters of butyric and reti-
noic acid drive cardiac and endothelial fate in term placenta 
human mesenchymal stem cells and enhance cardiac repair 
in infarcted rat hearts. J. Biol. Chem. 282(19):14243–
14252; 2007.



ISLET GRAFT AND HUMAN ADIPOSE TISSUE STEM CELLS 2781

Zhou, Y.; Yuan, J.; Zhou, B.; Lee, A. J.; Lee, A. J.; Ghawji, 45. 
M. Jr.; Yoo, T. J. The therapeutic efficacy of human adipose 
tissue-derived mesenchymal stem cells on experimental 
autoimmune hearing loss in mice. Immunology 133(1): 
133–140; 2011.

Zuk, P. A.; Zhu, M.; Ashjian, P.; De Ugarte, D. A.; Huang, 46. 
J. I.; Mizuno, H.; Alfonso, Z. C.; Fraser, J. K.; Benhaim, 
P.; Hedrick, M. H. Human adipose tissue is a source of 
multi potent stem cells. Mol. Biol. Cell 13(12):4279– 
4295; 2002.




