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Abstract
AIM: To clarify the mechanism by which bone marrow 
cells promote angiogenesis around transplanted islets.

METHODS: Streptozotocin induced diabetic BALB/
c mice were transplanted syngeneically under the 
kidney capsule with the following: (1) 200 islets (islet 
group: n  = 12), (2) 1-5 × 106 bone marrow cells (bone 
marrow group: n  = 11), (3) 200 islets and 1-5 × 106 
bone marrow cells (islet + bone marrow group: n  = 
13), or (4) no cells (sham group: n  = 5). All mice were 
evaluated for blood glucose, serum insulin, serum nerve 

growth factor (NGF) and glucose tolerance (GTT) up to 
postoperative day (POD) 14. Histological assessment 
for insulin, von Willebrand factor (vWF) and NGF was 
performed at POD 3, 7 and 14.

RESULTS: Blood glucose level was lowest and serum 
insulin was highest in the islet + bone marrow group. 
Serum NGF increased in islet, bone marrow, and islet 
+ bone marrow groups after transplantation, and 
there was a significant difference (P = 0.0496, ANOVA) 
between the bone marrow and sham groups. The 
number of vessels within the graft area was significantly 
increased in both the bone marrow and islet + bone 
marrow groups at POD 14 as compared to the islet 
alone group (21.2 ± 3.6 in bone marrow, P  = 0.01, 
vs  islet group, 22.6 ± 1.9 in islet + bone marrow, 
P  = 0.0003, vs  islet group, 5.3 ± 1.6 in islet-alone 
transplants). NGF was more strongly expressed in bone 
marrow cells compared with islets.

CONCLUSION: Bone marrow cells produce NGF and 
promote angiogenesis. Islet co-transplantation with 
bone marrow is associated with improvement of islet 
graft function.
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INTRODUCTION
Islet transplantation is a promising treatment for type 
1 diabetes mellitus (T1DM). However, clinical islet 
transplantation using current protocols has not yet 
yielded long-term insulin-independence[1]. One of  the 
hurdles to overcome is the lack of  a vascular network to 
support the newly transplanted islets. Initial avascularity 
in the period during islet isolation, transplantation[2,3], 
and the establishment of  a vascular network around 
islets renders islets vulnerable to severe hypoxia for up 
to 14 d after transplantation[4]. Therefore, the promotion 
of  angiogenesis is an important endeavor to prevent islet 
graft failure.

Recently, bone marrow transplantation as a cell therapy 
for resolution of  clinical diseases has been studied. 
Endothelial precursor cells (EPCs), a heterogeneous 
population originating in the hematopoietic compartment 
of  bone marrow, have an important role in the angio
genesis of  adult tissues[5]. Transplanted EPCs induce 
hypoxia-inducible factor-1α (HIF-1α) under hypoxic 
conditions which leads to upregulation of  vascular 
endothelial growth factor (VEGF) and promotes vascu
larization[5-7]. Our previous study revealed that trans
planted bone marrow produces VEGF and promotes 
vascularization around the co-transplanted islets[8]. 

Nerve growth factor (NGF), which plays an im
portant role in promoting growth, differentiation and 
function of  nerve cells[9,10] has been shown to have an 
important role in angiogenesis by stimulating VEGF[10,11]. 
Moreover, NGF is secreted by islets and may have a 
beneficial effect on islet function[12]. In this study, we 
focused on NGF levels and its effects to clarify the 
mechanism of  angiogenesis brought by bone marrow 
cell transplantation. 

MATERIALS AND METHODS
Animals 
BALB/c male mice (22-27 g, Charles River Laboratories. 
Inc., Boston, MA, USA) were used as both donors and 
recipients. The mice were housed under pathogen-free 
conditions with a 12-h light cycle and free access to food 
and water. All animal care and treatment procedures 
were approved by the Institutional Animal Care Use 
Committee.

Induction of diabetes in recipient mice 
Streptozotocin (STZ, 200 mg/kg per mouse, Sigma-
Aldrich, St. Lois, MO, USA) was injected intraperitoneally 
and blood glucose levels were measured by Accu-Chek 
Aviva glucose monitors (Roche, Indianapolis, IN, USA). 
We used the recipient mice once the blood glucose level 
was greater than 19.3 mmol/L (350 mg/dL).

Islet isolation
Murine islets were isolated by collagenase (collagenase V, 
Sigma-Aldrich) digestion, and separated by Ficoll (Sigma-
Aldrich) discontinuous gradients and purified as previously 

described[13]. Collected islets were 133-200 μm in size[14]. 
Based on previous results[15], 200 islets were considered 
a marginal islet mass for restoring normoglycemia in 
streptozotocin-induced diabetes.

Bone marrow cell isolation 
The protocol of  bone marrow cell isolation was modified 
from the Soleimani method[16]. Under general anesthesia 
with 2% isoflurane, hind limb extirpations were performed 
at the hip, knee and ankle joint. Muscle and connective 
tissue were dissected away from the femur and tibia, the 
knee joint and both ends of  the bones were cut. A thirty 
gauge needle with a 1 mL syringe was inserted into the 
bone, and bone marrow was flushed by injection with 
Hanks balanced salt solution (HBSS) for collection. After 
a single wash, bone marrow was dispersed by incubation 
with 0.05% trypsin/0.53 mmol/L EDTA solution (Medi
atech Inc., Manassas, VA, USA). 

Islet and bone marrow cell transplantation and group 
classification
Cell transplantation was performed under the left kidney 
capsule. Recipients were divided into four graft groups: 
(1) islet-alone (200 syngeneic islets per recipient, n = 
12), (2) bone marrow (1-5 × 106 syngeneic bone marrow 
cells per recipient, n = 11), (3) islet + bone marrow (200 
syngeneic islets and 1-5 × 106 syngeneic bone marrow 
cells, n = 13) and (4) sham (skin and renal capsule 
incisions with no transplantation, n = 5). 

Islet function parameters 
Blood glucose and serum insulin were measured at 
postoperative days (POD) 0, 3, 7 and 14. Glucose toler
ance was assessed at POD 7 and 14. Achievement of  
normoglycemia was defined as a non-fasting blood 
glucose level of  ≤ 11 mmol/L (200 mg/dL). Intrape
ritoneal glucose tolerance tests (GTT) were performed 
by overnight fasting for 10 h and then injecting mice with 
a 2.0 g/kg body weight of  glucose solution followed by 
tail vein blood samples at 0, 15, 30, 60, 90 and 120 min 
after injection. Blood glucose levels were measured by 
Accu-Chek Aviva glucose monitors and serum insulin was 
measured with a rat/mouse insulin enzyme-linked immuno
sorbent assay (ELISA) kit (Linco, MO). 

Serum NGF measurement
Blood samples for serum NGF were obtained at POD 0, 3, 
7 and 14 as for serum insulin. Serum NGF was measured 
with a NGF ELISA kit (NGF Emax

® ImmunoAssay 
System, Promega, Madison, WI, USA).

Correlation between NGF and islet functional parameters
To evaluate whether NGF level affects islet function, 
simple regression analysis was performed between serum 
NGF and each of  the following parameters: blood 
glucose, serum insulin and area under the curve (AUC)[17]. 
All the data acquired from POD 0 to 14 were applied to 
the analysis.
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Histological assessment
Kidney specimens were obtained from three or more 
mice at POD 3, 7 and 14 and photographs of  the fresh 
organs were taken to assess the density of  new vessels 
around islets and/or bone marrow. Tissue was then fixed 
with 10% formalin, embedded in paraffin, and cut into  
5 μm sections. Specimens were stained with hematoxylin 
and eosin (HE) to identify cellular changes. Apoptosis 
was detected by the terminal deoxynucleotidyl transferase 
(TdT)-mediated dUTP-biotin nick end labeling (TUNEL) 
method using an in situ apoptosis detection kit (Promega). 
Sections were treated with proteinase K and incubated 
with TdT enzyme for 60 min at 37℃. After washing 
in Phosphate buffer solution (PBS) the sections were 
further incubated with streptavidin horseradish peroxidase 
(HRP) solution and visualized with 3,3'-diaminobenzidine 
(DAB). Immunohistochemical staining was done for 
insulin (islets), von Willebrand Factor (vWF, for newly 
formed blood vessels) and NGF. For vWF, specimens 
were treated with Proteinase K (Dako, Carpinteria, CA). 
Primary antibodies were guinea pig anti-insulin antibody 
(Dako, Carpunteria, CA, USA) diluted 1:100, rabbit anti-
vWF (Abcam, Cambridge, MA) diluted with 1:2000 and 
rabbit anti-NGF (Santa Cruz Biotechnology Inc.) diluted 
1:100. After incubating with biotinylated secondary IgG 
antibody (Vector Laboratories, Burlingame, CA, USA 
and Santa Cruz Inc.), a peroxidase substrate solution 
containing DAB (Brown, Dako) or aminoethylcarbazol 
(AEC, Red for insulin, Dako) was used for visualization 
and counterstained with hematoxylin. 

vWF-positive vessel numbers were calculated from 
vWF-positive lumens at the transplant site.

Statistical analysis 
Data are expressed as mean ± SE of  the mean. All the 
statistical analyses were performed with JMP 5.0.1J for 
Macintosh (SAS Institute Inc., Cary, NC, USA). Dunnet 
t-test or analysis of  variance (ANOVA) was performed. 
Significance was designated at P < 0.05. Correlation 
coefficients (R2) in regression analysis were defined as 
follows: Very strong correlation as 0.8 < R2 < 1.0; strong 
as 0.5 < R2 < 0.8, moderate as 0.25 < R2 < 0.5; weak R2 
< 0.25. Correlation was designated positive when the R2 
was over 0.25 (moderate). 

RESULTS
Blood glucose, serum insulin and GTT
These data were previously published[8]. In summary, 
islet co-transplantation with bone marrow yielded lower 
blood glucose, higher serum insulin, and improved 
glucose tolerance.

Serum NGF
Serum NGF levels were higher in islet, bone marrow 
and islet + bone marrow groups than in the sham 
group, and were higher at all times points relative to pre-
transplant levels (P < 0.05, Figure 1). The increase was 

most prominent in the bone marrow versus the sham 
group (P = 0.0496, ANOVA). 

New vascularization
These data were previously published[8]. In summary, 
bone marrow transplantation with or without islets was 
associated with enhanced angiogenesis which was more 
prominent in bone marrow alone than in the combined 
islet-bone marrow group [21.2 ± 3.6 in bone marrow (P 
= 0.01, vs islet group), 22.6 ± 1.9 in islet + bone marrow 
(P = 0.0003, vs islet group), 5.3 ± 1.6 in islet-alone 
transplants].

Histological findings
NGF was much more strongly expressed in bone marrow 
cells as compared to islets at every time point (Figure 2). 
No apoptotic (TUNEL positive) islets were detected in 
any of  the experimental groups (data not shown).

Correlation between serum NGF and islet function 
parameters
There were no significant correlations between serum 
NGF and blood glucose, serum insulin or glucose 
tolerance (Figure 3). 

DISCUSSION
NGF is a neurotrophin that plays a crucial role in 
promoting growth, differentiation and function of  
sympathetic nerve cells[9,10,18]. NGF levels decrease with 
diabetes and are correlated with neuropathy. Thus a 
therapeutic trial to increase NGF has been performed to 
improve diabetic neuropathy[19]. Recently, some studies 
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Figure 1  Serum nerve growth factor (NGF) data. Serum NGF levels increased 
post-transplantation in islet, bone marrow, and islet + bone marrow groups, while 
there was no increase in the sham group. There was a significant difference 
between bone marrow and sham group. Statistical analysis was performed by two 
ways repeated measurement ANOVA and significant difference was aP < 0.05 vs 
POD 0.
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have reported the angiogenic effects of  NGF[10,20-25]. 
Earlier studies showed that NGF promotes the neovas
cularization of  endothelial cells using HUVEC or matrigel 
assays[20,24]. 

In diabetes, NGF has been shown to reverse local 
tissue hypoxia and endothelial cell impairment[23,25]. 
Treatment with NGF prevents apoptosis of  endothelial 
cells related with neovascular formation and progress[22-25]. 
Angiogenesis induced by NGF is presumed to help in 
wound closure[25] and recovery of  ischemia in diabetics[23], 
as well as organ remodeling[26]. NGF may also contribute 
to the progress, migration and metastasis of  tumors[21,27]. 

We have previously shown that treatment with NGF 
improved islet function in vitro and in vivo and promoted 
vessel formation around transplanted islets[12]. NGF may 
have a role in islet transplantation by promoting angio
genesis and preventing hypoxia at the early post-transplant 
period. However, this remains to be tested and reproduced 

in appropriate trials. 
In a previous study, we showed an association between 

bone marrow cell transplantation and angiogenesis around 
islets, together with enhanced VEGF expression and 
improved islet function[8]. A potential role for NGF in 
these improvements was the focus of  this study in view 
of  reports that NGF is derived from bone marrow stem 
cells[28] and stimulates VEGF, promoting angiogenesis[10,11]. 
NGF’s stronger expression in bone marrow relative to 
islets in this study was not predicted especially in view of  
the increase in serum NGF level in the islet group though 
it may be a function of  ambient glucose concentration[29]. 
Effects on islet graft function may also be related to the 
type of  NGF receptor activated in the context of  bone 
marrow co-transplantation[30].

NGF is induced by hypoxia[23] and also has anti-
apoptotic roles[31], therefore, it has the potential to improve 
the function and survival of  transplanted islets[12]. No 
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Figure 2  Histological findings. Kidney specimen from islet + bone marrow group stained with HE (top), Insulin (middle) and NGF (bottom) at POD 3, 7 and 14. Bone 
marrow cells stained strongly for NGF compared to islets at all time points (indicated by arrow). Magnification = 100 ×, Calibration bar = 1000 µm.
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apoptotic islets were detected during the observation span 
of  this study, but renal subcapsular islet transplantation 
may not uniformly manifest the effects of  severe ischemia 
seen with intraportal islet transplantation[14]. Therefore, 
NGF may be particularly beneficial for intraportal islet 
transplantation.

The lack of  correlation between serum NGF and 
other islet parameters (blood glucose, serum insulin and 
GTT) remains to be further confirmed. NGF levels 
vary according to the condition of  islets. For example, 

one study revealed that STZ stimulation increased NGF 
secretion[32] while another showed that NGF is decreased 
in diabetes-associated conditions[23]. On the other hand, 
NGF may reflect the status of  islet vascularization rather 
than its function.

In conclusion, NGF production may underlie the 
beneficial effect of  bone marrow co-transplantation on 
islet graft function. The mechanism of  this potential 
benefit deserves further investigation.
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