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ABSTRACT 

Islet cell death and loss of function after isolation and before transplantation is considered a key barrier to success-

ful islet transplantation outcomes. Mesenchymal stem cells (MSCs) have been used to protect isolated islets owing 

to their paracrine potential partially through the secretion of vascular endothelial growth factor (VEGF). The para-

crine functions of MSCs are also mediated, at least in part, by the release of extracellular vesicles including exo-

somes. In the present study, we examined (i) the effect of exosomes from human MSCs on the survival and func-

tion of isolated mouse islets and (ii) whether exosomes contain VEGF and the potential impact of exosomal VEGF 

on the survival of mouse islets. Isolated mouse islets were cultured for three days with MSC-derived exosomes 

(MSC-Exo), MSCs, or MSC-conditioned media without exosomes (MSC-CM-without-Exo). We investigated the 

effects of the exosomes, MSCs, and conditioned media on islet viability, apoptosis and function. Besides the ex-

pression of apoptotic and pro-survival genes, the production of human and mouse VEGF proteins was evaluated. 

The MSCs and MSC-Exo, but not the MSC-CM-without-Exo, significantly decreased the percentage of apoptotic 

cells and increased islet viability following the downregulation of pro-apoptotic genes and the upregulation of pro-

survival factors, as well as the promotion of insulin secretion. Human VEGF was observed in the isolated exo-

somes, and the gene expression and protein production of mouse VEGF significantly increased in islets cultured 

with MSC-Exo. MSC-derived exosomes are as efficient as parent MSCs for mitigating cell death and improving 

islet survival and function. This cytoprotective effect was probably mediated by VEGF transfer, suggesting a piv-

otal strategy for ameliorating islet transplantation outcomes. 
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INTRODUCTION 

Type 1 diabetes comprises 5-10 % of all 

diabetic cases and is the consequence of the 

autoimmune destruction of pancreatic beta 

cells, giving rise to absolute insulin defi-

ciency (Keshtkar et al., 2019; You and 

Henneberg, 2016). Islet transplantation is 

considered a promising treatment for type 1 
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diabetes patients who face severe periods of 

hypoglycemia (Saravanan et al., 2017). Alt-

hough the transplantation of islets is backed 

by encouraging results, some limitations ex-

ist, such as the shortage of organ donors and 

the loss of islets both in the pre-transplant cul-

ture period and subsequent to transplantation 

(Froud et al., 2005). The disconnection of is-

lets from the microvascular network and na-

tive niche leads to cell death, which continues 

during the culture period (Keshtkar et al., 

2020). Ahead of transplantation, the islet cul-

ture must adequately preserve the islet quality 

while the graft recipient is prepared and the 

isolated islets are transported to remote clini-

cal centers for transplantation (Shapiro et al., 

2017). However, the culture period can lead 

to significant islet death triggered by hypoxia 

and oxidative stress (Keshtkar et al., 2020, 

2019). These insults induce apoptosis and de-

crease β-cell function, thereby exerting a neg-

ative impact on the outcome, sometimes even 

impeding transplantation (Arzouni et al., 

2017).  

The mitochondrial apoptosis pathway is 

recognized as a major cause of islet death. 

The members of the B-cell lymphoma-2 

(BCL-2) family regulate the apoptosis path-

way through interactions between pro-apop-

totic and anti-apoptotic factors, including the 

BCL-2-associated agonist of cell death 

(BAD), BCL-2-associated X (BAX), and 

BCL-2 genes (Kaviani et al., 2019a, b, c). The 

balance between BAX and BCL-2 (i.e., the 

BAX/BCL-2 ratio) represents an index that 

determines the cellular fate in terms of sur-

vival or apoptosis (Greijer and Van der Wall, 

2004; Velmurugan et al., 2012). Besides, 

apoptosis is regulated via pro-survival phos-

phoinositide 3-kinase (PI3K) signaling, 

which is known as a crucial regulator for the 

survival of isolated islets (Aikin et al., 2006). 

The activation of PI3K signaling leads to the 

direct control of apoptosis via suppression of 

pro-apoptotic factors such as BAD (Down-

ward, 2004).  

The vascular endothelial growth factor 

(VEGF) is also known as a pro-survival and 

anti-apoptotic factor that preserves islet qual-

ity. This factor is expressed in pancreatic is-

lets, but its expression is attenuated in isolated 

islets, which is associated with islet dysfunc-

tion and cell death (Cross et al., 2007; 

Langlois et al., 2016; Sigrist et al., 2003). 

Moreover, VEGF contributes to the revascu-

larization of transplanted islets, which com-

prises a vital step for the long-term survival of 

grafts (Miao et al., 2006).  

Researchers have employed various meth-

ods of treatment with cytoprotective sub-

stances to protect isolated islets from apopto-

sis and improve islet survival and function, 

with one instance being the co-culturing of is-

lets with supportive cells such as mesenchy-

mal stem cells (MSCs) (Arzouni et al., 2017; 

de Souza et al., 2017; Scuteri et al., 2014). 
Several studies have confirmed the positive 

effect of MSCs on islet viability and function 

through paracrine interactions and/or direct 

contact both in the culture period and after 

transplantation (Rackham et al., 2014; Scuteri 

et al., 2014; Yamada et al., 2014). Some re-

port that the protective effect of MSCs on cul-

tured islets occurs via direct contact and the 

production of extracellular matrix molecules 

and annexin A1 (Arzouni et al., 2017; Gamble 

et al., 2018; Montanari et al., 2017). This is 

while others suggest that indirect co-culture 

systems involving Transwell® inserts or con-

ditioned media of MSCs (MSC-CM) could 

also inhibit apoptosis and promote islet via-

bility and function through the secretion of 

trophic factors (de Souza et al., 2017; Schive 

et al., 2017; Yamada et al., 2014). Recent ev-

idence reveals that the paracrine functions of 

MSCs are not only mediated by the secretion 

of soluble factors but also by the release of 

extracellular vesicles including exosomes 

(Bian et al., 2019; Keshtkar et al., 2018).  

Exosomes are vesicles of endosomal 

origin spanning 40 to 150 nm in diameter, re-

sponsible for transporting functional RNA 

and proteins (Bian et al., 2019; Valadi et al., 

2007). These small vesicles act as intercellu-

lar messengers and transfer their cargo to 

neighbor and recipient cells through endocy-
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tosis uptake, direct fusion, or receptor interac-

tion, highlighting the potential role of exo-

somes in cell-to-cell communication 

(Keshtkar et al., 2018). Exosomes are able to 

modify the transcriptome and proteome of re-

cipient cells, thereby modulating apoptosis 

pathways and regulating differentiation and 

proliferation (Kore et al., 2019). Similar to the 

parent MSC, MSC-derived exosomes (MSC-

Exo) offer cell protection against apoptosis. 

In fact, MSC-Exo are capable of repairing 

cells and protecting them from death accord-

ing to in vitro and in vivo studies on cardio-

vascular diseases, acute kidney injury, brain 

damage, and lung injury (Keshtkar et al., 

2018; Konala et al., 2016). However, the ef-

fect of MSC-Exo on isolated islets is yet to be 

investigated.  

The present study aimed to assess the im-

pact of MSC-Exo on islet survival and func-

tion. In addition, we compared the effects of 

MSC, MSC-Exo, and MSC-conditioned me-

dia without exosomes (MSC-CM-without-

Exo) on islets during the culture period. Sub-

sequently, the possible underlying mecha-

nisms behind the observed effects were inves-

tigated.  

 

METHOD AND MATERIALS 
Mesenchymal stem cell (MSC) isolation 

and characterization 

Umbilical cords were collected after in-

formed consent was collected from mothers 

ahead of cesarean section delivery. Wharton's 

jelly-derived MSCs (WJ-MSCs) were iso-

lated from the umbilical cords as previously 

described in the literature (Pirjali et al., 2013; 

Shaer et al., 2014). In brief, the small pieces 

of Wharton's jelly were placed in DMEM-F12 

media (Gibco, Germany) along with 10 % 

FBS (Gibco, UK) and 1 % antibiotic (Sigma-

Germany), ahead of incubation with 5 % CO2 

at 37 °C. Cellular passage was done after cells 

reached 70 % confluence by 0.25 % trypsin- 

EDTA (Gibco, UK). For characterization, ex-

osome isolation, and co-culture experimenta-

tion, WJ-MSCs from passage 3 were used. 

The isolated cells were assessed for surface 

markers CD105, CD44 and CD90, and CD34 

(BioLegend, USA) with a FACSCalibur™ 

flow cytometer (Becton Dickinson, USA). 

Differentiation induction to adipocyte and os-

teocyte cells were performed with differenti-

ation kits (Gibco, Germany), before the cells 

were stained with Oil red O (Sigma, Ger-

many) to examine lipid vacuoles and Alizarin 

red S (Sigma, Germany) to identify calcium 

disposition.  

 

Isolation and characterization of mesenchy-

mal stem cell exosomes (MSC-Exo)  

Passage 3 of WJ-MSCs was cultured in 

RPMI-1640 medium supplemented with 

10 % FBS and 1 % antibiotic to reach 80 % 

confluence. The cells were washed by PBS 

and cultured in RPMI-1640 containing 10 % 

exosome-depleted FBS (System Bioscience, 

USA) for the next three days. Then, exosome 

isolation was performed as described in the 

literature (Riazifar et al., 2019). In brief, the 

conditioned media of MSCs (MSC-CM) were 

collected and centrifuged at 300 g for 10 min 

to eliminate any cells and debris. To remove 

the microvesicles, the supernatants were cen-

trifuged by ultracentrifuge (XL-100K Ultra-

centrifuge, Beckman Coulter) at 16500 g for 

20 min. The remaining supernatants were ul-

tra-centrifuged at 120000 g for 90 min, and 

the exosome pellet was obtained. Conditioned 

media of MSCs without exosomes (MSC 

CM-without-Exo) were collected and stored 

at −80 °C ahead of further experimentation. 

The exosome pellet was subsequently re-sus-

pended in PBS and re-centrifuged for further 

purification. Finally, the supernatant was dis-

carded and the exosome pellet (MSC-Exo) 

was re-suspended in PBS and stored at -80 °C. 

All centrifuging and supernatant preparation 

processes were completed at 4 °C.  

The exosome content was measured with 

a BCA protein assay kit (Thermo Scientific 

Pierce, USA). A transmission electron micro-

scope (TEM) was used (Zeiss, LEO 906E, 

Germany) for the observation of exosome 

morphology. Furthermore, the exosomes 

were characterized for specific surface mark-
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ers including CD9, CD63, and CD81 (BD Bi-

oscience, Belgium) by flow cytometry after 

they were incubated with magnetic beads to 

amplify the channel signal (Pospichalova et 

al., 2015).  

 

Mouse islet isolation and culture 

Pancreases were obtained from Balb/C 

mice aged 8-12 weeks. All experiments were 

conducted in accordance with the Research 

Ethics and Animal Use Committee of the Shi-

raz University of Medical Sciences. Islet iso-

lation was performed as previously described 

with some modifications (Sagheb et al., 2013; 

Zongyi et al., 2017). In brief, the pancreases 

were digested by collagenase P (Sigma, Ger-

many) and purified by density gradient cen-

trifugation. The collected islets were washed 

with Hank’s solution and stained with dithi-

zone (DTZ) (Sigma, Germany) for purity as-

sessment and islet count. The number of islets 

was expressed in islet equivalents (IEQ). The 

isolated islets were cultured in RPMI-1640 

(Sigma, Germany) supplemented with 10 % 

FBS, 1 % L-glutamine, and 1 % antibiotic/an-

timycotic in 5 % CO2 at 37 °C. 

 

Co-culture of mouse islets with mesenchy-

mal stem cell exosomes (MSC-Exo) and 

mesenchymal stem cells (MSCs) 

For the co-culture experiment, we used 

400 IEQ of islets per well across four different 

groups. The first group included islets in iso-

lation and was considered the control group. 

The second group was the MSC co-culture 

group; 1.5×105 MSCs were cultured over-

night before the conditioned medium was 

changed with fresh medium and the islets 

were added. For the third group (MSC-Exo 

group), 40 µg/ml of exosomes (Nie et al., 

2018) were added to the islets. These three 

groups were cultured in RPMI-1640 with 

10 % exosome-depleted FBS and 1 % antibi-

otic. For the fourth group, the islets were cul-

tured in the MSC-CM-without-Exo. All sam-

ples were incubated under 5 % CO2 at 37 °C 

for three days. Experimentation occurred in 

triplicates. 

 

Viability evaluation of cultured mouse islets 

Staining with fluorescein diacetate (FDA) 

and propidium iodide (PI) (Sigma, Germany) 

was used for the evaluation of live and dead 

cells, respectively. Imaging was performed 

using a fluorescence microscope (CKX53, 

Olympus, Japan). The viability rate was ex-

pressed by the percentage of green area to the 

total area within intact islet (Keshtkar et al., 

2019). 

 

Apoptosis evaluation of cultured mouse  

islets 

The terminal deoxynucleotidyl transfer-

ase-mediated dUTP nick end labeling 

(TUNEL) assay was performed for the assess-

ment of apoptosis cells on islet slides using 

the Click-iT® Plus TUNEL assay kit (Life 

Technology, France) based on the manufac-

turer’s protocol. Nuclear visualization was fa-

cilitated by a fluorescence microscope fol-

lowing DAPI (Sigma, Germany) counter-

staining. The percentage of apoptotic islets 

was expressed by the percentage of TUNEL-

positive cells out of all nuclei within each is-

let.  

 

Gene expression evaluation by real-time 

PCR 

To evaluate gene expression, RNA was 

extracted using an RNA-Sol isolation kit (Al-

phabio-Canada). For the MSC co-culture 

groups, the islets were separated from the 

MSCs under the microscope ahead of RNA 

extraction. Following the confirmation of 

RNA integrity, cDNA was synthesized with 

the PrimeScript TM RT Reagent Kit (Takara-

Japan). We designed the following primers 

using the NCBI Primer-BLAST tool: mouse 

BCL-2 (F: 5´GGATAACGGAGGCTGG-

GATGC-3´; R: 5´-ATTTGTTTGGGGCA-

GGTTTGTCG-3´); mouse BAX (F: 5´-

TTTTGCTACAGGGTTTCATCCAGG-3´; 

R: 5´-ATCATCCTCTGCAGCTCCATATT-

G-3´); mouse BAD (F: 5´GAGCAACA-

TTCATCAGCAGGGACG-3´; R: 5´-GGTA-

CGAACTGTGGCGACTCCG-3´); mouse 

PI3K (F: 5´-GCTGAGTGGCAAACGAGA- 

3´; R: 5´-TGCGGTAGATGACACAGT-3´); 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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mouse insulin (F: 5´-GCTCTCTACCTGGT-

GTGTGG-3´; R: 5´-GTGCCAAGGTCTG-

AAGGTC-3´); mouse VEGF (F: 5´-GTCC-

TCTCCTTACCCCACCT-3´; R: 5´-CACA-

CACAGCCAAGTCTCCT-3´); mouse 

glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (F: 5´-ACTGAGCAAGAGAGG-

CCCTA-3´; R: 5´-TATGGGGGTCTGGGA-

TGGAA-3´); human VEGF (F: 5´-CTTCAA-

GCCATCCTGTGTGC-3´; R: 5´-ATCCGC-

ATAATCTGCATGGTG-3´); and human 

GAPDH (F: 5´-GCTCATTTCCTGGTAT-

GACAACG-3´; R: 5´-CTCTCTTCCTCTT-

GTGCTCTTG-3´) as a housekeeping gene. 

Real-time RT-PCR was used for the evalua-

tion of relative gene expression with the 

SYBR® Premix Ex TaqTM II kit (Takara, Ja-

pan) and the Applied Biosystems 

StepOnePlus™ System (ABI, USA). The fold 

changes were calculated by 2−ΔΔCT for each 

gene. 

 

Insulin secretion measurement of cultured 

mouse islets  

At the end of the culture period, the con-

ditioned media of the islets were switched to 

RPMI 1640 without glucose (Gibco, Ger-

many) containing 0.5 % BSA (Sigma, Ger-

many) and 2.8 or 20 mM glucose (Sigma, 

Germany) for 1 hour. The culture media were 

collected, and insulin secretion was assessed 

via the ELISA assay (ELISA kit, BT LAB, 

China). The glucose stimulation index was 

calculated by dividing the amount of insulin 

secretion in the 20 mM glucose medium by 

the amount of insulin secretion in the parallel 

2.8 mM glucose medium (Keshtkar et al., 

2019).  

 

Measurement of vascular endothelial 

growth factor (VEGF) protein 

Following exosome isolation, the amount 

of VEGF in the MSC-Exo and MSC-CM-

without-Exo was measured using human 

VEGF ELISA kits (Life Technology, France). 

For exosome pellets, the RIPA buffer (Sigma, 

Germany) was used for protein extraction. 

After the completion of the three-day cul-

ture period, human and mouse VEGF proteins 

were measured in the supernatant of cultured 

islets with specific human VEGF (Life Tech-

nology, France) and mouse VEGF ELISA kits 

(Sigma, Germany) based on the manufactur-

ers’ instructions. The results were represented 

as pg/ml.  

 

Statistical analysis 

All experiments were performed a mini-

mum of three times. The results were ex-

pressed as mean ± SD. The comparisons be-

tween two groups were made by the unpaired 

student’s t-test. To compare multiple groups, 

one-way analysis of variance (ANOVA) was 

used. Comparisons between the control group 

and the co-cultured groups were done with the 

Sidak test. The graphs were drawn in Graph 

Pad Prism software (Version 6, San Diego, 

California). A p-value below 0.05 was consid-

ered statistically significant. 

 

RESULTS 

Isolation and identification of mouse islet 

with dithizone (DTZ) 

The isolated islets were identified with 

positive DTZ staining after enzymatic and 

mechanical digestion (Figure 1). The islets 

were stained as red-purple clamp cells and ob-

served as spherical cell aggregates. During 

the subsequent three-day culture period, the 

islets maintained their shapes, especially in 

the treatment groups. 

 

Characterization and differentiation of 

Wharton's jelly-derived MSCs (WJ-MSCs) 

The WJ-MSCs were strongly positive for 

surface markers CD44 and CD90, moderately 

positive for CD105, and negative for CD34 

(Figure 2A). To evaluate the multipotency of 

the WJ-MSCs, adipocyte and osteocyte dif-

ferentiation assays were performed. The pres-

ence of calcium deposits indicates the poten-

tial of the cells to differentiate into osteo-

blasts, while intracellular lipid vacuoles were 

observed as a prominent feature of adipocytes 

(Figure 2B). 
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Figure 1: DTZ staining of the mouse islets after digestion (A) and purification (B). Scale bar = 200 µm 

 

 

 

Figure 2: Characterization and differentiation of WJ-MSC. (A) Flow cytometry histogram surface of 
WJ-MSCs for CD34, CD44, CD105, and CD90 markers. Green histograms indicate isotype control, 
whereas purple histograms indicate the signals for each specific marker. (B) Differentiation of WJ-MSCs 
into osteocytes and adipocytes with Alizarin red S and Oil red O stains, respectively. WJ-MSCs: Whar-
ton’s Jell-derived mesenchymal stem cells; scale bar: 200 µm 
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Characterization of mesenchymal stem cell 

exosomes (MSC-Exo) 

Exosomes were isolated from the condi-

tioned media of WJ-MSCs by ultracentrifuga-

tion. Microscopy (TEM) revealed that the ex-

osomes were spherically-shaped vesicles 

within the typical size range of 40-150 nm 

(Figure 3A). The expression of the conserva-

tive surface markers CD63, CD81, and CD9 

on the isolated particles was confirmed by 

flow cytometry (Figure 3B). 

Mouse islet viability during the culture  

period 

As shown in Figure 4, mouse islet viabil-

ity was assessed by FDA/PI staining. The per-

centage of viable islets in the MSC-Exo, 

MSCs, and MSC-CM-without-Exo groups 

was higher after the three-day culture period 

compared with the control group. Notably, the 

percentage of viable cells was significantly 

greater in the MSCs and MSC-Exo groups 

relative to the MSC-CM-without-Exo treat-

ment. There was no statistically significant 

difference between the MSCs and MSC-Exo 

groups in this regard. 

 

 

 

Figure 3: Characterization of MSC-Exo. (A) Morphology demonstrated by TEM. (B) Flow cytometry 
histogram surface of exosomes for the CD63, CD81, and CD9 markers. Green histograms indicate 
exosomes and beads without specific markers, whereas purple histograms indicate the signals for each 
specific marker. Scale bar:  300 nm and 150 nm. MSC-Exo: mesenchymal stem cell-derived exosomes 
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Figure 4: Mouse islet viability in the presence of MSCs, MSC-Exo, and MSC-CM-without-Exo. (A) 
Islets survival staining was done by fluorescein diacetate (green) for living cells and propidium iodide 
(red) for dead cells. (B) Viability of mouse islets in the different cultures. Scale bar: 200 μm, **P<0.01 
MSC: mesenchymal stem cell; MSC-Exo: MSC-derived exosomes; MSC-CM-without-Exo: MSC-condi-
tioned medium without exosomes 
 
 

Mouse islet apoptosis during the culture  

period  

For the assessment of islet apoptosis, the 

TUNEL assay was employed. The percentage 

of TUNEL-positive cells in the control group 

was about 40 %, whereas the percentage of 

apoptotic cells decreased in the MSC-Exo, 

MSCs, and MSC-CM-without-Exo groups. 

The number of apoptotic cells was signifi-

cantly fewer in the MSC-Exo and MSC 

groups relative to MSC-CM-without-Exo. 

There was no difference between the MSC-

Exo and MSC treatments in this regard. The 

results showed that the MSC-Exo restored the 

viability of islets and decreased cell death in 

stress-exposed islets during the culture pe-

riod, whereas the conditioned medium of 

MSCs without exosomes was not enough to 

rescue the islets from death (Figure 5). 

 

Changes in apoptotic–related gene expres-

sion of islets 

The expression of pro-apoptotic genes in-

cluding BAD and BAX along with the BCL-

2 anti-apoptotic gene and the PI3K pro-sur-

vival gene was compared across the samples. 

The BAX/BCL-2 ratio was also calculated. In 

islets cultured with MSC-Exo or MSCs, the 

transcript expression levels of BAD and BAX 

were significantly downregulated, while the 

BCL-2 and PI3K genes were remarkably up-

regulated (Figure 6A-D).  

In the MSC-CM-without-Exo group, the 

reduction of BAD and enhancement of PI3K 

was significant, though the expression of 
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BAX and BCL-2 did not alter significantly 

relative to the control group. Notably, the 

BAX/BCL-2 ratio fell significantly in the 

MSC-Exo and MSC treatments, but not in the 

MSC-CM-without-Exo group (Figure 6E). 

Therefore, although the MSC-CM-without-

Exo exerted protective effects on islets during 

the culture period, this impact was not re-

markable.  
 

VEGF concentrations in the MSC-Exo and 

MSC-CM-without-Exo groups 

The concentration of human VEGF was 

539.3 ± 15.40 pg/mL in the MSC-Exo and 

606.0 ± 28.16 pg/mL in the MSC-CM-with-

out-Exo, suggesting that MSC-Exo contain a 

roughly equivalent amount of VEGF com-

pared to MSC-CM-without-Exo (Figure 7). 

 

 

Figure 5: Mouse islet apoptosis in the presence of MSCs, MSC-Exo, and MSC-CM-without-Exo. 
(A) Apoptotic islets had green fluorescence and the nuclei were stained blue by DAPI dye. (B) The 
charts reveal the percentage of TUNEL-positive islets. Scale bar: 100 μm. *P<0.05 and ***P<0.001. 
MSC: mesenchymal stem cell; MSC-Exo: MSC-derived exosomes; MSC-CM-without-Exo: MSC-condi-
tioned medium without exosomes 
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Figure 6: Gene expression of BCL-2, BAX, BAD, and PI3K as well as the BAX/BCL-2 ratio in mouse 
islets co-cultured with MSCs, MSC-Exo, and MSC-CM-without-Exo. *p<0.05, **p<0.01, and ***p<0.001. 
MSC: mesenchymal stem cell, MSC-Exo: MSC-derived exosomes; MSC-CM-without-Exo; MSC-condi-
tioned medium without exosomes 
 

 



EXCLI Journal 2020;19:1064-1080 – ISSN 1611-2156 

Received: May 23, 2020, accepted: July 20, 2020, published: August 03, 2020 

 

 

1074 

 

Figure 7: Evaluation of VEGF concentration in 
MSC-Exo compared with MSC-CM-without-Exo 
after ultracentrifugation. MSC: mesenchymal 
stem cell; MSC-Exo: MSC-derived exosomes; 
MSC-CM-without-Exo: MSC-conditioned medium 
without exosomes 

 

 

VEGF expression in mouse islets 

VEGF expression was investigated given 

its importance in the survival and function of 

islets. Human- and mouse-specific VEGF 

protein and mRNA expression levels were 

measured in all groups following the three-

day culture period. Human-specific VEGF 

protein or mRNA was not detected neither in 

the culture medium nor in the lysed islet cells 

in the control group, while the VEGF protein 

was present in the other three groups. The hu-

man VEGF protein levels in the islet superna-

tants were highest when co-cultured with 

MSCs, but also elevated when co-cultured 

with MSC-Exo and MSC-CM-without-Exo. 

Human VEGF mRNA was detectable only 

following co-culture with MSCs or MSC-

Exo, but not with MSC-CM-without-Exo 

(Figure 8A, B), suggesting that MSC-Exo 

possibly entered the islets and released the 

cargo of various RNA and protein including 

VEGF mRNA into the islets.

 

 

Figure 8: Human and mouse VEGF mRNA and protein expression in the lysed supernatant of mouse 
islet cells co-cultured with MSCs, MSC-Exo, and MSC-CM-without-Exo. ***p< 0.001. MSC: mesenchy-
mal stem cell; MSC-Exo: MSC-derived exosomes; MSC-CM-without-Exo: MSC-conditioned medium 
without exosomes 
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The evaluation of mouse VEGF mRNA 

and protein revealed a significant increment 

in VEGF protein and mRNA levels in the is-

lets co-cultured with MSC-Exo and MSC, but 

not in the MSC-CM-without-Exo group rela-

tive to the control. It could be proposed that 

exosomes, through the delivery of their con-

tents, induce the expression and secretion of 

mouse VEGF in islet cells (Figure 8C, D). 

 

Mouse islet function during the culture 

period 

The function of the islets was evaluated in 

terms of insulin production and release. The 

transcription level of insulin was significantly 

higher in the islets cultured with MSC-Exo or 

MSCs compared with those cultured with 

MSC-CM-without-Exo. The protein secretion 

of insulin was also greater in the MSC-Exo 

and MSC groups, but not in the MSC-CM-

without-Exo treatment. The MSC-Exo in-

duced a more significant effect relative to the 

MSC group, suggesting that exosomes are the 

mediators of the paracrine function of MSCs 

in the promotion of islet function (Figure 9). 

DISCUSSION 

Islet transplantation has aroused much in-

terest among the therapeutic approaches for 

type 1 diabetes. However, loss of isolated is-

lets and beta-cell dysfunction during the cul-

ture period are critical problems that affect 

successful transplantation outcomes (Bruni et 

al., 2014; Pirjali et al., 2013). Currently, iso-

lated islets are incubated in culture media for 

24-72 hours ahead of transplantation, during 

which the cell quality is evaluated, the recipi-

ent is prepared, immunosuppressive drugs are 

administered, and/or the isolated islets are 

transported to other centers. Previous studies 

have shown that isolated islets are faced by 

hypoxia and oxidative stress during the cul-

ture period (Keshtkar et al., 2020, 2019; 

Zheng et al., 2012) and the initial post-trans-

plantation days, leading to islet death, partic-

ularly via the mitochondria apoptosis path-

way (Miao et al., 2006; Padmasekar et al., 

2013).  

 

 

 

Figure 9: (A) Insulin mRNA and (B) glucose stimulation secretions in mouse islets co-cultured with 
MSCs, MSC-Exo, and MSC-CM-without-Exo. *p<0.05, **p<0.01, and ***p< 0.001. MSC: mesenchymal 
stem cell; MSC-Exo: MSC derived exosomes; MSC-CM-without-Exo: MSC-conditioned medium without 
exosomes
 

 
 



EXCLI Journal 2020;19:1064-1080 – ISSN 1611-2156 

Received: May 23, 2020, accepted: July 20, 2020, published: August 03, 2020 

 

 

1076 

Mesenchymal stem cells are protective 

and supportive cells that have been reported 

to be cultured or transplanted with islets (de 

Souza et al., 2017). However, due to the pos-

sibility of tumorigenicity and other side ef-

fects of MSCs in clinical applications, novel 

therapeutic strategies must be sought (Nie et 

al., 2018). Exosomes derived from MSCs ap-

pear to be a potentially safe and effective re-

placement for MSCs in regenerative medicine 

(Valadi et al., 2007). The anti-apoptotic effect 

of MSC-Exo on other cells has been con-

firmed; MSC-Exo protected hepatocytes from 

acetaminophen-induced injury through the 

upregulation of the Bcl-xL anti-apoptotic 

gene as well as the Cyclin D1 proliferation 

gene (Tan et al., 2014). Human tubular epi-

thelial cells have also been protected from cis-

platin-induced apoptosis by MSC-Exo via the 

augmentation of Bcl-xL and Bcl2 expression 

and the downregulation of caspase 1, caspase 

8, and lymphotoxin alpha (Bruno et al., 2012). 

Cui et al. reported that MSC-Exo significantly 

decreased the percentage of apoptotic cells 

and rescued cell viability in the myocardial 

H9c2 cell line under hypoxic condition fol-

lowing the downregulation of Bax and 

caspase-3 along with the upregulation of Bcl-

2 and Cyclin D1 secondary to the activation 

of the Wnt/β-catenin pathway (Cui et al., 

2017). Recently, it was found that MSC-CM 

with exosomes protected neonatal porcine is-

let cell clusters (NICC) from hypoxia-induced 

cell death and improved their viability and 

function when compared with MSC-CM-

without exosomes (Nie et al., 2018). How-

ever, it is not known whether exosomes alone 

can replace MSCs for NICC preservation. 

Moreover, no study had previously investi-

gated the effect of MSC-Exo on mature islets. 

In the present study, we demonstrated that 

MSC-Exo promoted islet viability and inhib-

ited apoptosis as evidenced by live/dead stain-

ing and the TUNEL assay. These findings 

were confirmed by altered gene expression 

levels. We observed decreased expression of 

BAD and BAX, which are involved in the 

promotion of the intrinsic apoptosis pathway, 

and increased expression of BCL-2, which is 

regarded as an anti-apoptotic marker. The 

BAX/BCL-2 ratio, as a key regulator of the 

intrinsic apoptosis pathway, was also reduced 

in the presence of MSC-Exo (Kaviani et al., 

2019a, b, c). Besides, the upregulation of 

PI3K was observed in islets co-cultured with 

exosomes, which may partially account for 

the effect of MSC-Exo on islet survival since 

PI3K can accelerate cell survival via the acti-

vation of Akt and the inhibition of BAD and 

BAX (Downward, 2004). The PI3K signaling 

pathway is also known to be a critical regula-

tor of the survival and inhibition of PI3K-in-

duced islet death (Aikin et al., 2006). A simi-

lar result was observed in islets co-cultured 

with MSCs, but not in the islets cultured in 

MSC-CM-without-Exo. In fact, exosomes 

were as effective as parent MSCs in the pro-

tection of mouse islets, while conditioned me-

dia without exosomes could not offer com-

plete protection of islets against apoptosis. 

These findings suggest that the anti-apoptotic 

and pro-survival effects of MSC-Exo are 

probably mediated via the cross-talk between 

exosomes and islet cells.  

According to the literature, pancreatic hu-

man islets produce VEGF and its receptors 

(Sigrist et al., 2003). Besides, exogenous 

VEGF treatment can protect islets against cell 

death both during the culture period and after 

transplantation (Cross et al., 2007; Sigrist et 

al., 2003). The addition of VEGF to encapsu-

lated islets improved their viability and func-

tionality in diabetic and healthy mice over 28 

days following transplantation (Sigrist et al., 

2003). Also, the transfection of VEGF-ex-

pressing adenovirus in transplanted mouse is-

lets ameliorated survival and controlled hypo-

glycemia on the first post-transplantation day 

(Cross et al., 2007), confirming that VEGF 

has a pro-survival effect on islets during the 

culture period and early after transplantation. 

This effect of VEGF was found to be inde-

pendent of its revascularization effect because 

revascularization initiated three or four days 

after transplantation (Cross et al., 2007; 

Sigrist et al., 2003). Moreover, MSC studies 

have elucidated that the paracrine function of 

these cells in the promotion of islet survival 
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and cell membrane integrity is mediated by 

the secretion of various growth factors, espe-

cially VEGF. Yamada et al. reported that 

VEGF is influential in the MSC–related im-

provements in islet survival (Yamada et al., 

2014). In that study, the inhibition of VEGF 

by bevacizumab led to significantly decreased 

islet viability in co-cultured MSCs, suggest-

ing that the anti-apoptotic effect of MSCs is 

attributed to VEGF (Yamada et al., 2014). 

Jung et al. demonstrated that islets cultured in 

direct contact with MSCs had a significant in-

crease in VEGF protein production, which 

contributed to islet survival and function 

(Jung et al., 2011). In our study, the increment 

of mouse islets was associated with a signifi-

cant decrement of apoptosis and increment of 

islet survival, suggesting that exosomes are 

the mediators of a critical paracrine function 

of MSCs, providing protection against apop-

tosis-induced islet cell death.   

The cytoprotective effect of exosomes is 

mediated by the delivery of various proteins, 

mRNA, and miRNA to target cells (Keshtkar 

et al., 2018). It has been demonstrated that 

MSC-Exo contain unique proteins that are in-

volved in cell-cell and cell-matrix attach-

ments, extracellular matrix modulation, gap 

junction assembly, and the inhibition of the 

intrinsic apoptosis pathway. Also, MSC-Exo 

contain various transcription factors involved 

in the regulation of cell survival, differentia-

tion, proliferation, and metabolic pathways. 

In our study, the human VEGF protein level 

in the MSC-Exo was almost equal to the level 

in MSC-CM-without-Exo, proposing that 

nearly half of the VEGFs were released and 

carried in the exosomes and the remaining 

half was released in soluble form. The pres-

ence of human VEGF mRNA and protein in 

the islets cultured with MSC-Exo was also re-

markable. Based on these results, it is sug-

gested that the anti-apoptotic and pro-survival 

effects of MSC-Exo are at least partially at-

tributed to the transfer of human VEGF 

mRNA to the islet cells, which induced the 

production of mouse VEGF mRNA and pro-

tein, thereby preserving the islets. However, 

the precise mechanisms remain unclear.  

One of the key points for achieving a suc-

cessful transplantation is to supply viable is-

lets with proper, functional beta cells. The po-

tential effect of MSCs on beta cell function in 

terms of insulin secretion is mediated through 

the release of a set of growth factors including 

VEGF. Moreover, it has been indicated that 

insulin is co-expressed with VEGF protein 

(Cross et al., 2007), and the overexpression of 

VEGF in mouse islets also enhances the insu-

lin content and improves normoglycemia in 

transplanted islets (Zhang et al., 2004). In the 

present study, MSC-Exo augmented insulin 

gene expression and protein secretion in the 

mouse islets. The effect of MSC-Exo was 

slightly superior to that of MSCs, suggesting 

that human VEGF transfer via exosomes 

might contribute to the promotion of islet in-

sulin secretion. On the other hand, it has been 

established that MSCs in direct contact with 

islets improve their function through adhesion 

molecules (Montanari et al., 2017) and the 

production of extracellular matrix and an-

nexin A-1 (Arzouni et al., 2017). Annexin A1 

is a ligand activated by MSCs that binds to G 

protein coupled receptors (GPCRs) of islets 

and enhances glucose-stimulated insulin se-

cretion (Rackham et al., 2016). The study of 

Riazifar et al. demonstrated that MSC-Exo 

contain a large amount of annexin A1 

(Riazifar et al., 2019). Therefore, it is possible 

that the delivery of various heterogeneous 

proteins and mRNA by MSC-Exo promoted 

the secretory function of islets even better 

than parent MSCs. 

Taken together, our results demonstrated 

that MSC-Exo could not only improve the vi-

ability of isolated mouse islets but also en-

hanced their function. Moreover, the MSC-

Exo were more effective than MSC-CM-

without-Exo, suggesting that the VEGF, espe-

cially in its mRNA form, is one of the critical 

paracrine factors that fulfill a principal role in 

mitigating islet death and dysfunction. Inter-

estingly, MSC-Exo were as effectual as par-

ent MSCs in reducing apoptosis, increasing 

viability, and improving islet function. Albeit 

the protective effects of direct and indirect co-
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cultured MSCs and/or their conditioned me-

dia for improving islet quality have previ-

ously been reported, to the best of our 

knowledge, this is the first study illustrating 

that exosomes derived from MSCs are as ef-

fective as the parent MSCs in reducing islet 

death and promoting islet function. However, 

further in vitro and in vivo studies are neces-

sary for obtaining a more comprehensive un-

derstanding of this phenomenon.  

These results suggest that MSC-Exo are 

the main paracrine therapeutic mediators of 

MSCs and exemplifies their potential for use 

in safe, effective, cell-free therapy. Indeed, in 

contrast to whole MSCs, MSC-Exo are easier 

to maintain and manage along; they are also 

safer owing to a lower amount of membrane-

bound proteins and a lack of direct tumorigen-

esis ability (Keshtkar et al., 2018).  

 

CONCLUSION 

In conclusion, MSC-Exo were as effective 

as the parental MSCs in improving islet sur-

vival and function during the culture period. 

Furthermore, the transfer of VEGF and its 

mRNA by exosomes might act as a crucial 

paracrine factor that mediates the mentioned 

cytoprotective effects. 
 

Acknowledgments 

The authors are grateful to the Transplant 

Research Center of Shiraz University of Med-

ical Sciences (Shiraz, Iran) for their financial 

support.  

 

Funding 

This work was sponsored by the Iran Na-

tional Science Foundation (INSF; grant num-

ber 94808805) and was conducted at the 

Transplant Research Center of Shiraz Univer-

sity of Medical Sciences. 

 

Conflict of interest 

The authors declare that they have no con-

flicts of interest. 
 

Authors’ contributions 

S.K. and N.A. designed the study. S.K., 

M.K., F.S., and M.H.A. performed the exper-

iments. M.H.G. and N.A. coordinated the 

study; S.K., M.K., and F.S. analyzed the data; 

S.K. drafted the manuscript; I.H.A.A., 

M.H.G., and N.A. interpreted the data and re-

vised the manuscript; N.A. prepared the latest 

revision of the manuscript. All authors read 

and approved the final manuscript. 

 

REFERENCES 

Aikin R, Hanley S, Maysinger D, Lipsett M, Castel-

larin M, Paraskevas S, et al. Autocrine insulin action 

activates Akt and increases survival of isolated human 

islets. Diabetologia. 2006;49:2900-9. 

Arzouni AA, Vargas-Seymour A, Rackham CL, 

Dhadda P, Huang G-C, Choudhary P, et al. Mesenchy-

mal stromal cells improve human islet function through 

released products and extracellular matrix. Clin Sci. 

2017;131:2835-45. 

Bian X, Ma K, Zhang C, Fu X. Therapeutic angiogen-

esis using stem cell-derived extracellular vesicles: an 

emerging approach for treatment of ischemic diseases. 

Stem Cell Res Ther. 2019;10(1):158. 

Bruni A, Gala-Lopez B, Pepper AR, Abualhassan NS, 

Shapiro AJ. Islet cell transplantation for the treatment 

of type 1 diabetes: recent advances and future chal-

lenges. Diabetes Metab Syndr Obes. 2014;7:211-23. 

Bruno S, Grange C, Collino F, Deregibus MC, Canta-

luppi V, Biancone L, et al. Microvesicles derived from 

mesenchymal stem cells enhance survival in a lethal 

model of acute kidney injury. PloS One. 2012;7(3): 

e33115. 

Cross S, Richards S, Clark A, Benest A, Bates D, 

Mathieson P, et al. Vascular endothelial growth factor 

as a survival factor for human islets: effect of immuno-

suppressive drugs. Diabetologia. 2007;50:1423-32. 

Cui X, He Z, Liang Z, Chen Z, Wang H, Zhang J. Ex-

osomes from adipose-derived mesenchymal stem cells 

protect the myocardium against ischemia/reperfusion 

injury through Wnt/β-catenin signaling pathway. J 

Cardiovasc Pharmacol. 2017;70:225-31. 

de Souza BM, Bouças AP, Oliveira FdSd, Reis KP, 

Ziegelmann P, Bauer AC, et al. Effect of co-culture of 

mesenchymal stem/stromal cells with pancreatic islets 

on viability and function outcomes: a systematic re-

view and meta-analysis. Islets. 2017;9(2):30-42. 



EXCLI Journal 2020;19:1064-1080 – ISSN 1611-2156 

Received: May 23, 2020, accepted: July 20, 2020, published: August 03, 2020 

 

 

1079 

Downward J. PI 3-kinase, Akt and cell survival. Semin 

Cell Dev Biol. 2004;15(2):177-82. 

Froud T, Ricordi C, Baidal DA, Hafiz MM, Ponte G, 

Cure P, et al. Islet transplantation in type 1 diabetes 

mellitus using cultured islets and steroid‐free immuno-

suppression: Miami experience. Am J Transplant. 

2005;5:2037-46. 

Gamble A, Pawlick R, Pepper AR, Bruni A, Adesida 

A, Senior PA, et al. Improved islet recovery and effi-

cacy through co-culture and co-transplantation of islets 

with human adipose-derived mesenchymal stem cells. 

PloS One. 2018;13(11):e0206449. 

Greijer A, Van der Wall E. The role of hypoxia induc-

ible factor 1 (HIF-1) in hypoxia induced apoptosis. J 

Clin Pathol. 2004;57:1009-14. 

Jung E-J, Kim S-C, Wee Y-M, Kim Y-H, Choi MY, 

Jeong S-H, et al. Bone marrow-derived mesenchymal 

stromal cells support rat pancreatic islet survival and 

insulin secretory function in vitro. Cytotherapy. 2011; 

13:19-29. 

Kaviani M, Keshtkar S, Azarpira N, Aghdaei MH, 

Geramizadeh B, Karimi MH, et al. Amelioration of the 

apoptosis-mediated death in isolated human pancreatic 

islets by minocycline. Eur J Pharmacol. 2019a;858: 

172518. 

Kaviani M, Keshtkar S, Azarpira N, Aghdaei MH, 

Geramizadeh B, Karimi MH, et al. Cytoprotective ef-

fects of olesoxime on isolated human pancreatic islets 

in order to attenuate apoptotic pathway. Biomed Phar-

macother. 2019b;112:108674. 

Kaviani M, Keshtkar S, Azarpira N, Aghdaei MH, 

Geramizadeh B, Karimi MH, et al. Cytoprotective ef-

fects of ginsenoside Rd on apoptosis-associated cell 

death in the isolated human pancreatic islets. EXCLI J. 

2019c;18:666-76. 

Keshtkar S, Azarpira N, Ghahremani MH. Mesenchy-

mal stem cell-derived extracellular vesicles: novel 

frontiers in regenerative medicine. Stem Cell Res Ther. 

2018;9(1):63. 

Keshtkar S, Kaviani M, Jabbarpour Z, Geramizadeh B, 

Motevaseli E, Nikeghbalian S, et al. Protective effect 

of nobiletin on isolated human islets survival and func-

tion against hypoxia and oxidative stress-induced 

apoptosis. Sci Rep. 2019;9(1):1-13. 

Keshtkar S, Kaviani M, Jabbarpour Z, Al-Abdullah IH, 

Aghdaei MH, Nikeghbalian S, et al. Significant reduc-

tion of apoptosis induced via hypoxia and oxidative 

stress in isolated human islet by resveratrol. Nutr 

Metab Cardiovasc Dis. 2020;30:1216-26. 

Konala VB, Mamidi MK, Bhonde R, Das AK, 

Pochampally R, Pal R. The current landscape of the 

mesenchymal stromal cell secretome: A new paradigm 

for cell-free regeneration. Cytotherapy. 2016;18(1):13-

24.  

Kore RA, Henson JC, Hamzah RN, Griffin RJ, Tackett 

AJ, Ding Z, et al. Molecular events in MSC exosome 

mediated cytoprotection in cardiomyocytes. Sci Rep. 

2019;9(1):1-12. 

Langlois A, Mura C, Bietiger W, Seyfritz E, Dollinger 

C, Peronet C, et al. In vitro and in vivo investigation of 

the angiogenic effects of liraglutide during islet trans-

plantation. PloS One. 2016;11(3):e0147068. 

Miao G, Ostrowski R, Mace J, Hough J, Hopper A, 

Peverini R, et al. Dynamic production of hypoxia-in-

ducible factor-1α in early transplanted islets. Am J 

Transplant. 2006;6:2636-43. 

Montanari E, Meier RP, Mahou R, Seebach JD, Wan-

drey C, Gerber-Lemaire S, et al. Multipotent mesen-

chymal stromal cells enhance insulin secretion from 

human islets via N-cadherin interaction and prolong 

function of transplanted encapsulated islets in mice. 

Stem Cell Res Ther. 2017;8(1):199. 

Nie W, Ma X, Yang C, Chen Z, Rong P, Wu M, et al. 

Human mesenchymal‐stem‐cells‐derived exosomes 

are important in enhancing porcine islet resistance to 

hypoxia. Xenotransplantation. 2018;25(5):e12405. 

Padmasekar M, Lingwal N, Samikannu B, Chen C, 

Sauer H, Linn T. Exendin-4 protects hypoxic islets 

from oxidative stress and improves islet transplantation 

outcome. Endocrinology. 2013;154:1424-33. 

Pirjali T, Azarpira N, Ayatollahi M, Aghdaie M, 

Geramizadeh B, Talai T. Isolation and characterization 

of human mesenchymal stem cells derived from human 

umbilical cord Wharton’s jelly and amniotic mem-

brane. Int J Organ Transplant Med. 2013;4(3):111. 

Pospichalova V, Svoboda J, Dave Z, Kotrbova A, Kai-

ser K, Klemova D, et al. Simplified protocol for flow 

cytometry analysis of fluorescently labeled exosomes 

and microvesicles using dedicated flow cytometer. J 

Extracell Vesicles. 2015;4:25530. 

Rackham CL, Dhadda PK, Le Lay AM, King AJF, 

Jones PM. Preculturing islets with adipose-derived 

mesenchymal stromal cells is an effective strategy for 

improving transplantation efficiency at the clinically 

preferred intraportal site. Cell Med. 2014;7:37-47.  



EXCLI Journal 2020;19:1064-1080 – ISSN 1611-2156 

Received: May 23, 2020, accepted: July 20, 2020, published: August 03, 2020 

 

 

1080 

Rackham CL, Vargas AE, Hawkes RG, Amisten S, 

Persaud SJ, Austin AL, et al. Annexin A1 is a key mod-

ulator of mesenchymal stromal cell–mediated im-

provements in islet function. Diabetes. 2016;65:129-

39. 

Riazifar M, Mohammadi MR, Pone EJ, Yeri A, Lässer 
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