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Abstract

Background aims—The contribution of amniotic fluid stem cells (AFSC) to tissue protection 

and regeneration in models of acute and chronic kidney injuries and lung failure has been shown 

in recent years. In the present study, we used a chemically induced mouse model of type 1 

diabetes to determine whether AFSC could play a role in modulating β-cell injury and restoring β-

cell function.

Methods—Streptozotocin-induced diabetic mice were given intracardial injection of AFSC; 

morphological and physiological parameters and gene expression profile for the insulin pathway 

were evaluated after cell transplantation.

Results—AFSC injection resulted in protection from β-cell damage and increased β-cell 

regeneration in a subset of mice as indicated by glucose and insulin levels, increased islet mass 

and preservation of islet structure. Moreover, β-cell preservation/regeneration correlated with 

activation of the insulin receptor/Pi3K/Akt signaling pathway and vascular endothelial growth 

factor-A expression involved in maintaining β-cell mass and function.

Conclusions—Our results suggest a therapeutic role for AFSC in preserving and promoting 

endogenous β-cell functionality and proliferation. The protective role of AFSC is evident when 

stem cell transplantation is performed before severe hyperglycemia occurs, which suggests the 

importance of early intervention. The present study demonstrates the possible benefits of the 

application of a non–genetically engineered stem cell population derived from amniotic fluid for 

the treatment of type 1 diabetes mellitus and gives new insight on the mechanism by which the 

beneficial effect is achieved.
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Introduction

Diabetes mellitus has now reached epidemic proportions and represents a major health 

concern. Both type 1 and type 2 diabetes ultimately result in a significant loss of β-cell 

number and function. The disadvantages of current therapies such as exogenous insulin 

administration and islet or whole-organ transplantation solicit the urgency to find alternative 

approaches for the treatment of patients with insulin-dependent diabetes. A great deal of 

attention has recently been focused in the area of stem cell technology as a new, promising 

approach for the treatment of a variety of diseases. Several attempts to apply stem cells of 

various origin to treat diabetes mellitus have been documented in the past decade in both 

animal models and human clinical trials (1–11), but the question about how stem cells 

participate to tissue recovery is still open: either stem cells directly replace the injured tissue 

by transdifferentiation to the specific functional cell type, or stem cells exert their beneficial 

effect by protecting and stimulating endogenous regeneration.

Stem cells from different sources have been shown to be able to differentiate in vitro to 

insulin-producing cells on manipulation of culture conditions or cell transfection with key 

regulatory factors (12–15), but the same scenario has been demonstrated rarely in vivo in 

animal models of insulin-dependent diabetes (2,16–18).

Amniotic fluid–derived stem cells (AFSC) have emerged in recent years as a new source of 

pluripotent stem cells with immunological properties (19). In our laboratory, we have shown 

that AFSC present beneficial effects on models of kidney and lung diseases by restoring 

morphology and physiology of the damaged tissue (19–23). In these models, protection was 

achieved mainly by immunomodulation through paracrine action rather than differentiation 

of AFSC into kidney- or lung-specific cells. Recently, AFSC were induced to differentiate to 

insulin-producing cells by Pdx1 transfection and controlled in vitro culture conditions (24), 

but there is no evidence for their application in in vivo diabetic models thus far. This study 

shows the in vivo therapeutic potential of AFSC for the treatment of insulin-dependent 

diabetes mellitus. AFSC prevented β-cell loss and damage and stimulated endogenous β-cell 

regeneration after pancreatic injury through activation of the Pi3Kinase/Akt pathway and 

vascular endothelial growth factor-A (VEGF-A) expression. Our study reports the first 

strong evidence that AFSC can potentially be used as tool to understand β-cell regeneration 

and offer an attractive therapeutic option for patients with insulin-dependent diabetes. 

Moreover, the advantage of AFSC application without preliminary genetic manipulation 

makes them a suitable candidate for the translation of cell therapy to the clinic.
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Methods

Isolation, culture and preparation of human amniotic fluid stem cells and human fibroblast 
cell line

Under Institutional Review Board approval of Children’s Hospital Los Angeles, human 

amniotic fluid samples with normal karyotype and normal fetal ultrasound images were 

collected from discarded amniocentesis between 15–20 weeks of gestation (kindly donated 

by Dr R. Habibian; Labcorp, Monrovia, CA, USA).

Expansion and isolation of stem cells is well established in our laboratory (19–23). Briefly, a 

selected c-kit-clone population was cultured and expanded in Petri dishes with the use of 

Chang’s medium containing α-minimum essential medium supplemented with 20% Chang 

B, 2% Chang C (Irvine Scientific, Santa Ana, CA, USA), L-glutamine, 20% of ES–fetal 

bovine serum and 1% of Pen/Strep antibiotic solution (Gibco/Invitrogen, Life Technologies, 

Carlsbad, CA, USA). AFSC were expanded for 40 passages and cultured under humidified 

conditions at 37°C and 5% CO2 and trypsinized with 0.25% trypsin–ethylenediaminetetra-

acetic acid.

To track the injected cells, AFSC were labeled with the cell tracker CM-DiI (Molecular 

Probes, Life Technologies, Carlsbad, CA, USA), following the manufacturer’s instructions. 

Briefly, cell suspension was incubated with a working solution of 0.04 mg/ mL of CM-DiI 

and incubated for 5 min at 37°C and then 15 min at 4°C. Cells were finally washed three 

times in phosphate-buffered saline (PBS) (Gibco/ Invitrogen, Life Technologies).

Human lung fibroblasts (negative control) were purchased from LifeLine Cell Technology 

(Carlsbad, CA, USA). Fibroblast cells were expanded with Fibrolife Media (LifeLine Cell 

Technology) on tissue culture dishes for up to five passages. At the moment of injection, 

fibroblasts were prepared as previously described for AFSC.

Animal model and stem cell transplantation

Immunodeficient NOD/SCID (NOD.CB17-Prkdcscid/J) mice were purchased from the 

Jackson Laboratory (Sacramento, CA, USA). All the procedures described and animal 

protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at 

Children’s Hospital Los Angeles. To induce diabetes, 8-week-old male NOD/ SCID mice 

were treated with the use of a protocol of multiple low-dose injections of streptozotocin 

(STZ). Briefly, mice were given STZ [2-Deoxy-2-(3-methyl 1-3-nitrosoureido)-D-

glucopyranose, Sigma-Aldrich, Saint Louis, MO, USA], 50 mg/kg body wt, by 

intraperitoneal injection, for 3 consecutive days. Mice were fasted 4 h before each injection; 

STZ was dissolved in 50 mmol/L sodium citrate buffer, pH 4.5, and injected into mice 

within 5 min of preparation. On experimental day 4, 1 day after completion of STZ 

treatment, mice received cell injections of either 1 × 106 AFSC or fibroblasts and saline 

solution. Cells and saline solution were administered by intracardiac injection through the 

chest wall into the left ventricle with the use of a 29-gauge needle. Mice were carefully 

monitored under isofluorane inhalation anesthesia. Two cell injections were performed 

independently to test long-term (4 weeks) and short-term (72 h) response of mice after 

transplantation.
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The experimental groups (for a total of 63 mice) were divided as follows: Group 1: STZ-

treated mice to determine the disease model (n = 13)

Group 2: Mice receiving AFSC after STZ treatment (n = 10 for 72-h time point, n = 9 for 4-

week time point)

Group 3: Mice receiving fibroblast after STZ treatment (n = 5 for 72-h time point, n = 7 for 

4-week time point)

Group 4: Mice receiving saline solution after STZ treatment (n = 5 for 72-h time point, n = 6 

for 4-week time point)

Group 5: Healthy control mice not receiving any treatment (n = 8)

Mice were euthanized by CO2 inhalation for tissue harvesting and subsequent analysis at 72 

h and 4 weeks after cell transplantation.

In addition, to evaluate the effects of AFSC injection once hyperglycemia was established 

(600 mg/dL), a total of 11 mice (n = 3 mice injected with AFSC after STZ treatment; n = 4 

mice treated with STZ; n = 4 mice health control mice) were used. The mice were injected at 

14 days after STZ treatment and euthanized at 5 weeks after cell injections.

Blood glucose and plasma insulin measurements

Mice from all experimental groups were monitored for blood glucose level every 2 days for 

the first week after treatment and then once per week for the 4-week experiment. All 

measurements were performed after 5-h fasting. Blood glucose was measured from the tail 

vein with the use of the OneTouch UltraMini Blood Glucose Monitoring System (Lifescan, 

Milpitas, CA, USA). The sensitivity of the system does not exceed 600 mg/dL; thus, in some 

cases, the extent of hyperglycemia was over the limit of the sensitivity of the instrument.

Plasma insulin levels were determined by mouse enzyme-linked immunosorbent assay 

(Mercodia, Winston-Salem, NC, USA), according to manufacturer’s instructions. Whole 

blood was withdrawn from the facial vein, and plasma was separated by centrifugation at 

14,000 rpm for 3 min in plasma separator tubes with lithium heparin (BD, Franklin Lakes, 

NJ, USA). Briefly, 10 μL of plasma samples and calibrators were aliquoted in a mouse 

monoclonal anti-insulin antibody-coated 96-well plate. Working solution containing 

peroxidase-conjugated anti-insulin antibody was then added to each well (100 μL per well), 

and the plate was put under shaking conditions at room temperature (RT) for 2 h. After six 

washes with washing buffer, 200 μL of 3,3′,5,5′-tetramethylbenzidine substrate was added to 

each well and allowed to incubate for 15 min at RT. The reaction was stopped with 0.5 

mol/L H2SO4, and optical density (OD) read at 450 nm with the use of the Victor3 

multilabel plate reader (PerkinElmer, Waltham, MA, USA). A standard curve was drawn by 

plotting OD450 and insulin concentration of calibrators with the use of Sigmaplot 11 data 

analysis software (Systat Software Inc, San Jose, CA, USA) and used as reference to 

extrapolate sample values for insulin concentrations.
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Immunohistochemical analyses

Mouse pancreata were harvested at 72 h and 4 weeks for all the experimental groups and 

immediately processed for paraffin embedding. Tissues were fixed in 10% neutral phosphate 

buffer formalin (Polysciences Inc, Warrington, PA, USA) for 1 h at 4°C and stored in 70% 

ethanol overnight at 4°C. Tissues were subsequently dehydrated through graded ethanol, 

toluene and finally embedded in paraffin (TissuePrep, Fisher Scientific, Pittsburgh, PA, 

USA). Pancreatic sections (6 μm) were prepared with the use of a Leica RM2235 rotary 

microtome and deparaffinized in Histochoice clearing agent (Sigma-Aldrich) and rehydrated 

through graded ethanol series (100%, 90%, 70%, 50% and 30%) followed by rinsing in 

distilled water before use. For morphological evaluation, sections were stained in 

hematoxylin solution Gill N.3 (Sigma-Aldrich) and Eosin Y solution (Harleco, Millipore 

Corp, Billerica, MA, USA) (hematoxylin and eosin), rinsed in distilled water, dehydrated in 

ethanol and mounted with Xylene mounting medium (Fisher Scientific, Hampton, NH, 

USA). Stained sections were observed under a Leica DM1000 light microscope. For 

immunofluorescent staining, blocking was performed in a 2% bovine serum albumin 

(Jackson Immunoresearch Laboratories Inc, West Grove, PA, USA) solution in PBS × 1 

before incubation for 1 h at RT with the following primary antibodies: anti-insulin/

proinsulin mouse monoclonal antibody (dilution 1:500); anti-glucagon rabbit polyclonal 

antibody (dilution 1:50). After PBS washing, sections were incubated for 30 min at RT with 

secondary antibodies, respectively, Alexa fluor 555 donkey anti-mouse immunoglobulin 

(Ig)G and Alexa fluor 488 donkey anti-rabbit IgG, dilution 1:400. Sections were mounted 

with Vectashield mounting medium with 4′,6-diamidino-2-phenylindole (Vector 

Laboratories, Burlingame, CA, USA). Images were captured with the use of a Leica AF6000 

fluorescent microscope. Proliferating cell nuclear antigen (PCNA) and VEGF-A antigen 

protein expression was detected by immunoperoxidase staining. Briefly, sections were 

blocked with 3% H2O2 in methanol for 10 min at RT to mask endogenous peroxidases. 

After heat-mediated antigen retrieval with antigen unmasking solution (H-3300, Vector 

Laboratories) was performed, samples were incubated with 2% bovine serum albumin 

blocking solution for 30 min at RT. Primary rabbit polyclonal anti-PCNA antibody, dilution 

1:1000, and rabbit polyclonal anti–VEGF-A antibody, dilution 1:100, were used for 

incubation for 1 h at RT. Signal detection was obtained by incubation with the ImmPRESS 

universal antibody (anti-mouse IgG/anti-rabbit IgG, peroxidase) detection kit for 30 min at 

RT followed by incubation with ImmPACT 3,3′-diaminobenzidine peroxidase substrate, 

both purchased from Vector Laboratories. Slides were finally rinsed, dehydrated in 90% and 

100% ethanol (5 min each) and mounted with Protocol mounting medium xylene (Fisher 

Scientific, Hampton, NH, USA). Images were captured with the use of a Leica DM1000 

light microscope. All primary antibodies were purchased from Abcam (Cambridge, MA, 

USA). All secondary Alexa fluorochrome-conjugated antibodies were purchased from Life 

Technologies.

Quantification of islet mass, β-cell/α-cells and proliferating cells

Pancreatic tissues from all the experimental groups were processed, and histological samples 

were prepared as previously described. Serial sections were cut at a distance of 100 μm, and 

10 different islets were considered per mouse for the counting. For each experimental group, 

at least three mice were included. Slides were stained with hematoxylin and eosin for islet 
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mass quantification and immunostained to detect insulin/glucagon/PCNA-positive cells as 

previously reported. Islet mass is expressed as total number of counted cells in 10 islets per 

mouse. Hormone-expressing cells and proliferating cells were quantified as percentage of 

marker-positive cells over the total nuclei counted per islet (10 islets per mouse).

Real-time polymerase chain reaction arrays

On euthanasia of the mice, 4 weeks after cell injection, pancreatic tissue from all the 

experimental groups was removed and stored in RNAlater (Qiagen, Valencia, CA, USA) 

until further processing. RNA was extracted from the whole tissue by column method with 

the use of the RNeasy Mini kit (Qiagen) according to the manufacturer’s instructions and 

quantified with the use of the Nanodrop system (Thermo Scientific, Waltham, MA, USA). 

Complement DNA was obtained from the extracted RNA by retrotranscription with the RT2 

First Strand Kit (SABiosciences, Qiagen), according to the manufacturer’s instructions. The 

complement DNA of each sample was then added to the RT2 SYBR Green qPCR Master 

Mix and aliquoted for gene expression analysis on specific arrays for the insulin-signaling 

pathway (PAMM-030; SABiosciences). Gene analysis including significant values and fold 

changes was performed with the online tool provided by SABiosciences (http://

www.sabiosciences.com/pcrarraydataanalysis.php).

Statistical analysis

Statistical analysis was performed with the use of SigmaPlot 11 data analysis software 

(Systat Software Inc). All data are presented as mean ± standard error of the mean. For 

comparison of multiple groups, we used one-way analysis of variance followed by the 

Newman-Keuls test for data sets that passed the Shapiro-Wilk normality test or Mann-

Whitney rank-sum test/Dunn’s method for data that failed the Shapiro-Wilk normality test. 

A value of P < 0.05 was considered as statistically significant of the test results.

Results

Establishment of the disease model and physiological response to AFSC treatment

Treatment of mice with the diabetogenic drug STZ for 3 consecutive days resulted in the 

development of significant hyperglycemia by experimental day 8, when the average blood 

glucose reached a value near 400 mg/dL (Figure 1A). We confirmed that all STZ-treated 

mice (n = 13) reached a significant level of hyperglycemia of 600 mg/dL or above, which 

remained consistent for the duration of the experiment and never returned to normal. Thus, 

we could establish with confidence, in our laboratory and under the condition used, that the 

STZ in NOD/SCID mice was a reproducible model for our experiments. Mice were divided 

into two groups, one receiving the STZ dose and one healthy control group as reference. 

Blood glucose values of STZ-treated mice remained significantly higher compared with 

healthy control mice for up to 4 weeks (Figure 1A). Disease establishment was confirmed 

morphologically by histochemical analysis. Strong reduction of islet mass was detected by 

hematoxylin and eosin staining in STZ-treated mice compared with control mice 4 weeks 

after drug treatment (Figure 1B,C). The histological data were confirmed by direct 

quantification of the islet mass in healthy control mice and in STZ-treated mice (Figure 1D).
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Subsequently, on experimental day 4, STZ-treated mice were transplanted with 1 × 106 of 

either AFSC or human fibroblasts or injected with saline vehicle. AFSC-injected mice (n = 

4) were able to maintain normal blood glucose values at 4 weeks after cell injection, 

significantly lower compared with diabetic STZ-treated mice (defined as responsive mice). 

A group of AFSC-injected mice (n = 5) showed a disease progression comparable to STZ-

treated control mice (defined as non-responsive mice). Fibroblast (n = 7) and saline (n = 6) 

injections did not prevent development of permanent hyperglycemia with a value of glucose 

>400 mg/dL (Figure 1E).

At 4 weeks from stem cell transplantation, plasma insulin level was significantly higher in 

AFSC-responsive mice compared with the other treatment groups, which all had 

significantly lower amounts of circulating insulin than did the healthy control mice (Figure 

1F).

Preservation of islet mass, insulin and glucagon expression 4 weeks after AFSC treatment

Histological examination at 4 weeks after transplantation (Figure 2A–L) showed severe 

alteration of the pancreatic islet morphology and significant reduction of the number of 

insulin-expressing cells in the STZ-induced diabetic mice (Figure 2C,D), AFSC–non-

responsive mice (Figure 2G,H), fibroblast-injected mice (Figure 2I,J) and saline-injected 

mice (Figure 2K,L). In contrast, the morphology of pancreatic islets was maintained, and the 

staining pattern of insulin and glucagon in the pancreatic islets of AFSC-responsive mice 

(Figure 2E,F) was very similar to that of the healthy control mice (Figure 2A,B). AFSC-

responsive mice presented a total islet mass significantly higher than that in STZ-treated 

mice and other treatment groups at 4 weeks after cell injection (Figure 2M). As expected, 

STZ treatment resulted in a drastic reduction of insulin-expressing β-cells compared with 

that in healthy control mice (Figure 2N). In contrast, AFSC-responsive mice showed a 

significantly higher β-cell number than did STZ-treated, AFSC–non-responsive and 

fibroblast-injected and saline injected mice (Figure 2N). Moreover, we observed a 

significant increase in proportion of glucagon-expressing α-cells in the pancreatic islets of 

all treatment groups compared with that in healthy control mice (Figure 2O). All injected 

mice, however, presented a significantly lesser increase of α-cells in respect to the STZ-

treated diabetic mice. Taken together, these results confirm preservation of the insulin-

glucagon–expressing cell ratio and distribution only in the AFSC-responsive mice, as shown 

in Figure 2P. Further investigation did not show donor-labeled AFSC in the pancreas of 

transplanted mice 4 weeks after stem cell injection (data not shown). As already reported by 

our group, detection of injected cells was very rare at later time points (20,23), which 

suggests an early intervention of AFSC immediately after transplantation by either 

protection or activation of endogenous regeneration.

Level of blood glucose at the time of injection correlated with clinical response to AFSC 
treatment

To define the possible mechanism accountable for the difference in outcomes between 

responsive and non-responsive mice to AFSC transplantation, we hypothesized that early 

stem cell treatment could have a beneficial effect in the host tissue after injury. Our 

observations (Figure 3A) indicate that mice that showed a positive response to the AFSC 
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treatment (responsive mice) had blood glucose levels below a threshold that we defined on 

the basis of our experimental results at 200 mg/dL, at the time of stem cell injection.

Therefore, to confirm our hypothesis, we performed injections of AFSC at a later time point, 

specifically after 14 days after STZ treatment, when glucose level reached approximately 

600 mg/dL. As demonstrated in a representative experiment (Figure 3B), the later time point 

injection of AFSC was not efficient for rescuing any hyperglycemic mice, thus supporting 

our hypothesis of beneficial early intervention.

We repeated cell injections in the experimental groups and analyzed the results 72 h after 

cell injection. We confirmed through this second group of injections that AFSC-responsive 

mice (n = 7) presented levels of blood glucose comparable to the healthy control mice and 

significantly lower than those of STZ-treated mice (n = 3). Conversely, injection of 

fibroblasts (n = 5) or saline vehicle (n = 5) when the blood glucose is below 200 mg/dL did 

not prevent the developing hyperglycemia at 72 h from the injection (Figure 3C). We also 

confirmed that all the mice responsive to AFSC treatment presented at the time of cell 

transplantation had blood glucose values below the defined threshold. There was not a 

statistically significant difference in the insulin levels in all mice at 72 h (Figure 3D), 

although AFSC were detectable in the host tissue at 72 h after transplantation. Despite the 

low amount that prevented accurate quantification, CM-Dil–labeled AFSC were found in 

exocrine tissue and, more interestingly, in endocrine tissue, as shown in Figure 3E,F.

Islet mass, insulin and glucagon expression 72 h after AFSC treatment

Immunohistochemical analysis (Figure 4A–J) of pancreata 72 h after AFSC treatment 

demonstrated the rapid beneficial effect of AFSC in terms of preservation of islet mass and 

hormone expression. AFSC-responsive mice showed preservation of islet mass (Figure 4E), 

together with the typical distribution of insulin and glucagon expression (Figure 4F), similar 

to that in the control mice (Figure 4A,B) and in contrast with that observed in STZ-treated 

mice (Figure 4C,D), fibroblast-injected mice (Figure 4G,H) and saline-injected mice (Figure 

4I,J). Islet mass in AFSC-responsive mice was preserved, similar to that in the healthy 

control mice and significantly higher compared with the STZ-treated and other treatment 

groups (Figure 4K). Notably, there was a significant increase in islet mass of AFSC-

responsive mice over time, from 72 h to 4 weeks after stem cell transplantation, which 

suggests not only protection of pancreatic islet cell mass from injury but also an increased 

islet cell proliferation (Figure 4L). The percentage of insulin-expressing cells in the mice 

responsive to AFSC treatment was similar to that in the healthy control mice and was 

significantly higher when compared with the other treatment groups (Figure 4M). 

Interestingly, pancreata from fibroblast- and saline-injected mice showed significantly lower 

insulin expression than that in STZ-treated mice. Although the glucagon-positive cells are 

not significantly different in all groups (Figure 4N), we observed preservation of the 

insulin:glucagon ratio in AFSC-responsive mice similar to that in the healthy control group 

and significantly higher than in the other treatment groups (Figure 4O).
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AFSC-responsive mice displayed higher intra-islet proliferation and VEGF-A expression

To further examine the mechanism by which pancreatic islets are preserved after AFSC 

transplantation and to further support the previously described findings of increased islet 

mass over time from the early time point to 4 weeks after injection, we analyzed the level of 

cell proliferation within the islets of healthy mice, STZ-induced mice and the other 

treatment groups (Figure 5A,C,E,G,I). There was no difference in PCNA-positive cell 

number within the islets of healthy control mice and STZ-treated mice (Figure 5A,C,K). A 

slight increase was observed for the mice injected with both fibroblasts and saline, although 

it was not significant (Figure 5G,I,K). In contrast, a significant increase in the percentage of 

proliferating cells was observed within the islets of AFSC-responsive mice (Figure 5E,K). 

Analysis of the expression of VEGF-A by immunohistochemistry revealed stronger 

expression in the pancreatic islets of AFSC-responsive mice (Figure 5F) when compared 

with healthy control, STZ-treated, fibroblast-injected and saline-injected mice (Figure 

5B,D,H,J).

Activation of the insulin receptor/Pi3K pathway mediated β-cell survival and proliferation 
in AFSC-responsive mice

To further investigate the mechanisms by which AFSC promote restoration of β-cell 

function in AFSC-responsive mice, we analyzed the level of expression of genes specifically 

involved in the insulin/receptor signaling pathway (Figure 6A–D). Insulin expression was 

significantly downregulated in STZ-treated mice, fibroblast-injected, saline-injected and 

AFSC–non-responsive mice and consistently higher in the pancreata of AFSC responsive 

mice (Figure 6A). Polymerase chain reaction (PCR) array results exhibited a general trend 

of decreased gene expression for the STZ-treated mice compared with control mice (Figure 

6B). Genes encoding for proteins involved in the formation of the insulin receptor complex 

such as growth factor receptor–bound protein 10 (Grb10) and protein tyrosine phosphatase 

receptor type F (Ptprf) were significantly down-regulated in STZ-treated mice. In addition, 

STZ-treated mice demonstrated a significant decrease in the expression of genes involved in 

regulating glucose metabolism and glucose sensing, such as fructose bisphosphatase (Fbp1) 

and hexokinase 2 (Hk2), also targets of the phosphoinositol 3-kinase (Pi3K) pathway, and 

protein metabolism such as glycogen synthase kinase 3β (Gsk3b). In concordance, 

phosphatidylinositol 3-kinase regulatory subunit 1 (Pik3r1) and protein kinase c iota (Prkci), 

which are components of the Pi3K pathway, were significantly downregulated in STZ-

treated mice, confirming the clear trend of decreased expression. The expression of Rras2, a 

critical in vivo regulator of the transforming growth factor-β signaling, was as well 

significantly reduced. Resistin (Retn), also known as adipose tissue–specific secretory factor 

showed upregulation, although not significantly.

Interestingly, pancreata from AFSC-responsive mice, compared with STZ-treated mice, 

(Figure 6C) showed significant increased expression of genes required for glucose 

metabolism such as glucokinase (Gck), phosphoenolpyruvate carboxykinase 2 (Pck2) and 

pyruvate kinase isozyme, liver and red blood cells (Pklr). Moreover, a significant 

upregulation of the serine/threonine kinase Akt1, also known as protein kinase B, a potent 

mediator of the PI3K signaling pathway, was detected in AFSC-responsive mice together 

with increased expression of the two isoforms Akt2 and Akt3. Akt2 in particular is involved 
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in the insulin pathway and is important for induction of glucose transport and regulation of 

glucose homeostasis (25). Consistently, phosphatidylinositol 3-kinase, regulatory subunit 

beta1 (Pik3r1) and beta2 (Pik3r2) and Prkci of Pi3K pathway machinery were increased. 

More interestingly, VEGF-A, a downstream target of the Pi3K signaling pathway, together 

with the above-mentioned Hk2 and Pck2, were significantly upregulated in the AFSC-

responsive mice. The panel of significantly upregulated genes also included Gsk3b, the 

serine/threonine protein kinase A-raf (Araf) that participates in the mitogen-activated protein 

kinase (MAPK) pathway, an important cascade regulating cell proliferation and 

differentiation and CCAAT/enhancer-binding protein-α (Cebpa), a transcription factor 

involved in protein metabolism. Gene expression analysis for the fibroblast-injected samples 

did not reveal any significant change for the previously described pathways compared with 

the STZ-treated group except for a slight upregulation of Gsk3b, whereas saline-injected 

mice showed significant upregulation only for Cebpa and the PI3K pathway component 

protein kinase Cγ (Prkcc). Noticeably, significant upregulation of some listed genes, 

including Akt1, Araf, Cebpa, Fbp1, Grb10, Gsk3b, Pik3r2, Prkcc and Rras2, was also 

detected in AFSC–non-responsive mice compared with STZ-treated mice, despite the 

physiological outcome (Figure 6C). Gene expression was also analyzed for all the injected 

groups in comparison to healthy control mice, as shown in Figure 6D and Supplementary 

Table I. The expression profile of AFSC-responsive mice was similar to that of healthy 

control mice, with the exception of a few significantly upregulated genes, such as the sterol 

regulatory element–binding transcription factor 1 (Srebf1), Prkcc and VEGF-A for the Pi3K 

pathway and ras-related protein (Rras), which was shown to have a role in blood vessel 

homeostasis (26). Both fibroblast-injected and saline-injected mice showed a general 

downregulation for most of the genes codifying proteins associated with the insulin receptor 

or involved in glucose metabolism and the PI3K pathway. In particular, Grb10, Hk2, Pik3r1 

and Ptprf were significantly downregulated. Significant upregulation was detected for Prkcc 

in saline-injected samples and VEGF-A for fibroblast-injected mice, although the increase 

was not substantial. Interestingly, resistin, whose upregulation was detected in STZ-treated 

mice compared with control mice, was strongly upregulated in fibroblast-injected and in 

AFSC–non-responsive mice (Figure 6D).

Discussion

Stem cell therapy has thus far been regarded as the most promising alternative treatment for 

insulin-dependent diabetes mellitus. Few studies have reported the ability of stem cells 

isolated from various sources to in vitro differentiate into insulin-like phenotype or to restore 

β-cell function in vivo (1–8,12–18). Different cell behaviors have been detected, depending 

on the type of stem cells and the animal model (2–6,16–18). Here we present the in vivo 

therapeutic potential of a recently discovered stem cell population, human AFSC, to 

preserve β-cell function by promoting endogenous regeneration in a chemically induced 

murine model of type 1 diabetes.

Our results indicate that AFSC, transplanted in STZ-induced diabetic mice, were able to 

protect β-cell function and preserve physiological parameters as indicated by euglycemia 

and normal plasma insulin levels 4 weeks after cell injection. Nearly half of the injected 

mice responded to AFSC treatment. Responsive mice showed preservation of islet mass and 
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morphology as well as insulin expression and secretion. We noticed that all mice rescued by 

AFSC treatment presented near-normal glycemic values (defined as glucose <200 mg/dL) at 

the time of stem cell injection; in fact, our data showed that AFSC prevented hyperglycemia 

and preserved pancreatic insulin secretion only if transplanted before the major injury has 

occurred. Our hypothesis is supported also by the evidence that if the cells are injected when 

severe hyperglycemia is present, mice do not recover. Thus, this observation suggests that 

not only the timing of injection plays a crucial role but that the degree of damage is 

important in determining the outcome. This mechanism of action by AFSC is also evident in 

our previous publications (19,20); in particular, we demonstrated that AFSC show renal 

protection in a model of acute tubular injury only if injected early before the acute phase of 

the damage.

An univocal mechanism by which stem cells may perpetrate their beneficial effect must be 

elucidated. Previous reports have shown very low and inconsistent in vivo differentiation of 

donor cells to insulin-producing cells, which supports the hypothesis of an endogenous 

regeneration by activation of endocrine progenitors or β-cell proliferation (2,18).

AFSC promoted their beneficial effect by protecting β-cells from injury and favoring 

endogenous β-cell proliferation, as indicated by increased proliferation rate within the islets 

of transplanted mice, which is responsible for the increase of pancreatic islet mass 

throughout the 4-week recovery period after cell injection. Despite the controversy 

surrounding the origin of newly derived β-cells, some evidence supports the conclusion that 

proliferation of differentiated β-cells is the predominant mechanism of regeneration (27,28). 

However, this is not to exclude that in different scenarios, other putative progenitors not yet 

fully identified might be activated (29–31). Considering the low amount of AFSC homing 

and the rapidity of the physiological response soon after cell transplantation, it is plausible to 

hypothesize that the beneficial potential relies on AFSC ability to promote survival and 

proliferation of preexisting β-cells rather than differentiating themselves to insulin-

producing cells, because we did not detect AFSC differentiation within the pancreas at later 

time point. The contribution of exogenous stem cells to in vivo tissue regeneration through 

paracrine mechanisms, thus by signals promoting host cell proliferation or differentiation 

from endogenous precursors, has already been hypothesized in models of type 1 diabetes 

and acute cardiac injury and by our group on lung and kidney damage models (2,18,23,32).

The pancreas of AFSC-responsive mice showed upregulation of the insulin receptor/Pi3K 

pathway at the messenger RNA level. Activation of the Pi3K pathway by insulin interaction 

with its specific receptor has been hypothesized to define the beneficial outcome observed in 

diabetic mice responsive to AFSC. Several gene targets in the Pi3K cascade were 

upregulated, including Akt1, which is a well-known critical mediator of this pathway (33). 

Akt activity has been linked to processes promoting cell survival by inhibiting apoptosis and 

enhancing cell proliferation (34) and is a regulator of β-cell metabolism (35). Transgenic 

mice producing constitutively active Akt in the β-cells showed remarkable β-cell mass 

expansion through enhanced proliferation and reduced apoptosis (36). Akt is also known to 

be involved in pro-angiogenic mechanisms (37,38).
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Interestingly, Gsk3b gene expression was also upregulated. Gsk3b is another downstream 

target of Akt and becomes inactivated by Akt-mediated phosphorylation on Ser9. Its activity 

has been correlated to degradation of β-catenin and it is usually considered a negative 

regulator of cell proliferation through inhibition of the Wnt/β-catenin pathway (39). 

Therefore, our data showing the increased expression of Gsk3b in the pancreas of AFSC-

responsive mice compared with diabetic mice are an apparent contradiction. However, it has 

been reported recently that conditional ablation of Gsk3b in pancreatic β-cells resulted in 

expanded β-cell mass through increased proliferation, associated with enhanced signaling 

through the Pi3k/Akt pathway (40). This suggests that Gsk3b is rate-limiting for β-cell mass 

and controls β-cell growth as a mechanism of feedback inhibition on the insulin receptor/Akt 

pathway. On this view, Gsk3b is more a cell cycle regulator than a cell cycle repressor. 

Gsk3b has a key role of gatekeeper over a wide range of transcription factors and is 

fundamental for maintaining cells at a regulated rate of proliferation (41). Moreover, there is 

well-supported evidence that Gsk3b plays a role in modulating apoptosis and inhibits cell 

death, blocking the extrinsic apoptotic pathway (42). It is possible to speculate that the 

reduction of Gsk3b gene expression after STZ treatment reflected a deficiency in both cell 

cycle control and anti-apoptotic effect, and the significantly increased Gsk3b expression 

correlates with increased cell survival and reduced apoptosis, indicating the importance of 

Gsk3b in the maintenance of cell homeostasis. Cell proliferation is thus enhanced but in a 

controlled manner.

Interestingly, even if non-responsive mice show an increase of different genes involved in 

the insulin pathway in certain respects similar to the responsive mice (eg, Gsk3b), there was 

no evidence of pancreas protection at later time point; thus, it might be possible that higher 

levels of glycemia caused by STZ injury might have significantly damaged β-cells, unlikely 

to be reversible at that point by AFSC. Moreover, it is important to emphasize that 

fibroblasts do not show a significant change of insulin pathway signaling, thus confirming 

the specific activation of the pathway by AFSC.

In keeping with the observation of enhanced insulin receptor/Pi3K/Akt signaling, the 

pancreatic islets of AFSC-responsive mice showed a significantly increased expression of 

VEGF-A, both at the messenger RNA level and at the protein level. The strong 

interconnection occurring between β-cells and the endothelium is documented. The 

importance of VEGF-A as a factor stimulating intra-islet vascularization, which is a 

necessary condition for β-cell survival, proliferation and functionality, has been reported 

(43). The release of VEGF-A is meant to attract endothelial cells through interaction with 

the specific receptor VEGFr-2 and consequent formation of a vascular basement membrane 

that represents a niche for insulin gene expression and β-cell proliferation (44). The highly 

increased VEGF-A expression in the pancreatic islets of AFSC-responsive mice might 

indicate an increase of intra-islet angiogenesis that could contribute to preservation of β-cell 

function and β-cell regeneration. Notably, transgenic expression of VEGF-A in isolated 

human islets and murine pancreatic islets was shown to drive an increase of β-cell mass and 

function by enhancing angiogenesis (45).

Mice responsive to AFSC showed an overall tendency to upregulation of genes involved in 

the cell cycle. Significantly, an increase of gene expression was in fact observed for Araf, a 
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serine/threonine kinase of the Raf kinase family, which participates in the MAPK signaling 

cascade, as well linked to boosting of cell proliferation and differentiation (46). Moreover, 

significant upregulation of Rras was detected for AFSC responsive mice compared with 

healthy control mice. Rras is a regulator of cell survival and important for vascular 

homeostasis (26). We recently reported that human bone marrow mesenchymal stromal 

cells, genetically engineered to overexpress VEGF-A, were able to reverse hyperglycemia in 

an STZ-induced diabetic mouse model mainly by induction of endogenous β-cell 

regeneration through activation of the insulin/Igf1 receptor/Pi3K/Akt pathway and increased 

VEGF-A expression (8). We not only confirm a potentially very important mechanism in β-

cell regeneration/protection after injury, but we show for the first time that AFSC are able to 

promote endogenous β-cell proliferation by stimulating the Pi3K pathway and enhancing 

VEGF-A expression.

The present findings confirm the potential of AFSC for the treatment of insulin-dependent 

diabetes mellitus mainly through modification of in situ milieu, with consequent protection 

and stimulation of endogenous β-cell regeneration to sustain full functional restoration. In 

conclusion, our work is the first evidence of the possible important therapeutic use of a new 

and promising stem cell source for insulin-dependent diabetes and represents a new model to 

study β-cell recovery after injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Disease establishment and physiological response to AFSC injection: Establishment of the 

disease model. Mice receiving multiple low doses of STZ (50 mg/kg for 3 days) developed 

significant hyperglycemia by experimental day 8. Blood glucose levels remained sustained 

(600 mg/dL) up to 4 weeks after drug treatment, in contrast to that observed for the healthy 

control mice that maintained normoglycemia <200 mg/dL (A). STZ-treated mice showed 

strong islet mass reduction compared with healthy control mice, as revealed by hematoxylin 

and eosin staining (B,C). Quantification of total islet mass confirmed significant reduction 

of endocrine pancreatic tissue in diabetic mice 4 weeks after treatment (D). The 

physiological response of STZ-treated mice to AFSC transplantation was evaluated by 

detection of blood glucose levels for 4 weeks after AFSC injection and plasma insulin. 

AFSC-responsive mice displayed normoglycemic average value (<200 mg/dL) 4 weeks after 

cell injection, similar to that in healthy control mice and significantly lower than that 

observed in STZ-treated mice (~600 mg/dL). Both fibroblast and saline injections did not 

prevent development of hyperglycemia, with values ~400 mg/dL and ~550 mg/dL, 

respectively. A group of AFSC-injected mice did not respond to cell treatment (E, arrow: 

injected cells). Plasma insulin was quantified 4 weeks after cell treatment. AFSC-responsive 

mice presented a significantly higher level of circulating insulin compared with AFSC–non-

responsive, STZ-treated and fibroblast-injected and saline-injected mice, which all 

conversely presented significantly reduced amounts of plasma insulin compared with the 

healthy control group (F). Magnification × 200. Scale bar =50 μm. *P < 0.05, **P < 0.01.
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Figure 2. 
Preservation of islet mass and insulin/glucagon expression 4 weeks post injection: 

Immunohistochemical and hematoxylin and eosin analysis of pancreata from different 

mouse groups: healthy control (A,B), STZ-treated (C,D), AFSC-responsive (E,F), AFSC 

non-responsive (G,H), fibroblast-injected (I,J) and saline-injected (K,L). hematoxylin and 

eosin staining (left column) and immunofluorescence double staining (right column) of 

insulin (red) and glucagon (green) 4 weeks after AFSC injection are shown. The 

preservation of islet mass in AFSC-responsive mice (E) compared with STZ-treated mice 

(C), AFSC–non-responsive mice (G), fibroblast-injected mice (I) and saline-injected mice 

(K) is notable. Morphological distribution of hormone-expressing cells was conserved in 

AFSC-responsive mice (F), showing a pattern similar to that observed in the healthy control 

mice (B). In contrast, STZ-treated mice (D), AFSC–non-responsive mice (H), fibroblast-

injected mice (J) and saline-injected mice (L) showed a strong reduction of insulin-

expressing cells and general disruption of islet architecture and cells distribution. 

Quantification of islet mass (M) and hormone-expressing cells (N,O) among different 

groups confirmed that AFSC-responsive mice have a significantly higher amount of islet 

VILLANI et al. Page 17

Cytotherapy. Author manuscript; available in PMC 2015 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cell mass and insulin-expressing β-cells than do STZ-treated mice, AFSC–non-responsive 

mice, fibroblast-injected mice and saline-injected mice. All treatment groups presented a 

significant increase of glucagon-expressing α-cells compared with the healthy group. The 

ratio of insulin-positive cells versus glucagon-positive cells was quantified, confirming 

preservation of hormone-expressing cell ratios in AFSC-responsive mice compared with the 

other reference groups which all showed a significantly reduced ratio compared with healthy 

control mice (P). Magnification ×200. Scale bar = 50 μm. *P < 0.05, **P < 0.01.
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Figure 3. 
Level of glucose at the time of cell injection correlated with response to AFSC treatment. 

(A) Blood glucose levels of mice at the time of AFSC injection (experimental day 4). It is 

evident that mice responding to AFSC treatment had regular blood glucose values at the 

moment of cell injection (≤200 mg/dL). Among the non-responsive mice, only one had 

glycemia ≤200 mg/dL at the time of cell injection but showed a generalized irregular trend, 

becoming severely hypoglycemic after cell injection before reaching definitive 

hyperglycemia. (B) Injection of AFSC at a later time point (14 days after STZ treatment) did 

not correct hyperglycemia, confirming that rescue is unlikely when hyperglycemia is already 

established and the acute phase of damage has occurred. AFSC injection was repeated for 

short-term result (72 h after injection). After STZ treatment, mice were AFSC-, fibroblast- 

or saline-injected and monitored for blood glucose (C) and plasma insulin (D) in the short 

term. AFSC-responsive mice showed normoglycemia, with significantly reduced levels 

compared with STZ-treated mice. Both fibroblast-injected and saline-injected mice 

presented glucose values slightly lower than STZ-treated mice, even though not statistically 

different and still above the threshold that defines hyperglycemia (250 mg/dL). (E,F) 

Detection of AFSC by CM-Dil labeling 72 h after injection. AFSC were homing in both 

exocrine (E) and endocrine (F) tissue. Magnification ×200. Scale bar = 50 μm. *P < 0.05, 

**P < 0.01 (arrow indicates injected cells).
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Figure 4. 
Preservation of islet mass and insulin/glucagon expression 72 h after injection. 

Immunohistochemical analysis by hematoxylin and eosin staining (A,C,E,G,I) and 

immunofluorescence double staining for insulin and glucagon (B,D,F,H,J) show 

preservation of islet morphology and hormone expression in AFSC-injected mice (E,F), 

similar to that of healthy control mice (A,B). Conversely, STZ-treated mice (C,D), 

fibroblast-injected mice (G,H) and saline-injected mice (I,J) mice presented shrinkage of 

islet mass and modified hormone expression. Quantification of islet mass (K) revealed 
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significant preservation of endocrine mass in AFSC-responsive mice; analysis at 72 h and 4 

weeks after cell transplantation also revealed a significant increase in total islet mass 

throughout experimental time (L). Levels of insulin expression were significantly preserved 

in AFSC-responsive mice, supporting previous data (M). Although glucagon expression did 

not show significant differences among experimental groups (N), the ratio of insulin-

positive versus glucagon-positive cells was significantly preserved in AFSC-responsive 

mice (O). Magnification ×200. Scale bar = 50 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. 
Intra-islet proliferation and VEGF-A expression 72 h after injection. Cell proliferation 

within the islets of the different experimental groups was evaluated on tissue sections at 72 h 

after injection by immunostaining of PCNA and VEGF-A (A–J). Control (A) and STZ-

treated (C) mice showed similar amounts of positive cells, whereas AFSC-responsive mice 

(E) revealed higher intra-islet expression of PCNA compared with the groups of fibroblast-

injected mice (G) and saline-injected (I) mice. Immunoperoxidase staining analysis also 

showed stronger expression of VEGF-A in AFSC-responsive mice (F) compared with 

control mice (B), STZ-treated mice (D), fibroblast-injected mice (H) and saline-injected 

mice (J). Quantification of PCNA-positive cells within islets revealed a significant increase 

of proliferation in AFSC-responsive mice compared with healthy control mice and all other 

treatment groups (K). Magnification ×200 (PCNA), ×400 (VEGF-A). Scale bar = 50 μm. *P 

< 0.05.
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Figure 6. 
Activation of the Pi3K pathway mediates protection and cell survival in AFSC-injected 

responsive mice: Insulin signaling pathway analysis by real-time PCR assay in the 

pancreatic tissue of all the experimental groups. (A) Fold changes relative to expression of 

the insulin gene in the different treatment groups and normalized to control. STZ-treated and 

fibroblast-injected mice presented significantly reduced amounts of insulin expression 

compared with the control group, and AFSC-responsive mice consistently displayed 24-fold 

higher expression compared with STZ-treated samples and generally higher expression than 
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all other injected groups. Gene expression analysis of STZ-treated mice versus control mice 

revealed a trend of downregulation for many genes, including genes required for glucose 

metabolism (Fbp1, Hk2) or involved in the insulin receptor and PI3K signaling pathways 

(Grb10, Ptprf, Pik3r1 and Prkc) (B). Gene expression was evaluated for all injected groups 

(AFSC, responsive and non-responsive, fibroblast-injected and saline-injected) versus the 

STZ-treated group (C) and the control group (D) to determine differences or similarities, 

respectively, with our disease model and healthy animals. Statistically significant fold 

changes were considered. Upregulated genes in AFSC-responsive mice versus STZ-treated 

diabetic: Gck, Pk2, Pklr involved in glucose metabolism and Akt1, Pik3r2, VEGF-A of the 

Pi3K pathway, and other regulatory factors such as Gsk3b, Araf and Cebpa. *P < 0.05, **P 

< 0.01, ***P < 0.001.
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