
Abstract

Aims/hypothesis. The neurotrophin nerve growth fac-
tor (NGF) is pro-angiogenic and facilitates wound re-
pair. The present study was conducted to (i) assess the
statement of NGF system components in diabetic
wounds and (ii) evaluate whether NGF supplementa-
tion could prevent impairment of wound neoangiogen-
esis by diabetes.
Methods. Skin wounds were produced in the inter-
scapular region of streptozotocin-induced diabetic
mice. NGF (1 µg per day in PBS) or vehicle was ap-
plied onto the ulcers for 3 days after punching. Non-
diabetic mice were used as controls.
Results. In wounds of untreated diabetic mice, endog-
enous levels of immunoreactive NGF were lower than
those in wounds of non-diabetic mice (p<0.01). Im-
munohistochemical analysis showed down-regulation
of tyrosine kinase receptor-A (TrkA) and up-regula-
tion of p75 receptor in granulation tissue microvascu-
lature. Local NFG administration prevented diabetes-
induced expressional alterations, enhanced reparative

capillarisation (p<0.01), and accelerated wound clo-
sure (p<0.01). This was associated with a three-fold
increase in endothelial cell proliferation (p<0.01),
while apoptosis was reduced by 50% (p<0.05). Quan-
titative RT-PCR documented a 5.5-fold increase in the
expression of vascular endothelial growth factor-A
(VEGF-A) by exogenous NGF in diabetic tissues
(p<0.01). In in vitro preparations of human endotheli-
al cells from derma, NGF increased the release of im-
munoreactive VEGF-A, and reduced high-glucose-in-
duced apoptosis (p<0.05), the latter effect being inhib-
ited by a VEGF-A receptor-2 antagonist.
Conclusions/interpretation. Diabetic ulcers display dis-
tinct alterations in reparative angiogenesis and in the
expression of NGF and its receptors. NGF supplemen-
tation corrects endogenous liabilities, facilitates vascu-
lar regeneration, and suppresses endothelial apoptosis
seemingly via VEGF-A. Our findings unravel new
mechanisms responsible for NGF reparative action.
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Introduction

Foot ulcers represent a serious clinical problem for the
diabetic patient. Diabetic wounds repair very slowly,
cause physical inability, and often require amputation.
These problems are ultimately caused by poor meta-
bolic control, over time leading to microvascular dam-
age, nerve damage and reduced resistance to infection
[1]. Up to the present, healing treatments of diabetic
ulcers have not delivered satisfactory results. Dissect-
ing the mechanisms responsible for the delayed repair
may offer new potential targets for treatment. For in-
stance, evidence is accumulating that in diabetes, an



insufficient surge of endothelial growth factors [2, 3,
4] and primary alterations in endothelial cell (EC) bi-
ology, namely activation of apoptotic death [2, 5, 6],
may hinder reparative neovascularisation, a host de-
fence response necessary to restore oxygen and nutri-
ent support to the healing tissue.

Nerve growth factor (NGF) represents the first iso-
lated and best-characterised member of a growing
family of neurotrophins which includes brain-derived
neurotrophic factor and neurotrophins 3–5 [7]. NGF is
known to regulate the survival and differentiation of
neurons. In animal models of diabetes, NGF is deplet-
ed in peripheral nerves and this deficit has been relat-
ed to degeneration or impaired regeneration of periph-
eral nerves, and to dysfunction of sensory small-diam-
eter fibres that release substance P [8]. Supplementa-
tion with exogenous NGF reverses the pathological
changes typical of diabetic neuropathy [9]. In addition
to its effects on nerve cells, NGF has a potent healing
effect on otherwise untreatable corneal wounds and
pressure ulcers, seemingly through stimulation of re-
epithelialisation and granulation tissue formation [10,
11, 12, 13].

Recent findings suggest that NGF curative proper-
ties might be related to previously unsuspected in-
volvement of the neurotrophin in the regulation of
vascular growth. We showed that NGF is pro-angio-
genic and promotes tissue healing in a mouse model
of limb ischaemia, thus providing the first demonstra-
tion of a neural drive for reparative angiogenesis [14].
NGF has direct control of vascular biology through its
high-affinity tyrosine kinase receptor-A (TrkA) and
low-affinity p75 receptor expressed on ECs [15] and
vascular smooth muscle cells [16]. The relative abun-
dance of NGF subtype receptors might provide a bi-
functional switch for life or death situations [17]. In
fact, TrkA phosphorylation starts a cascade of events
that via activation ERK1/2 and vascular endothelial
growth factor-A (VEGF-A)/phosphatidyl-3′ kinase/
Akt-B/endothelial nitric oxide synthase pathways,
leads to stimulation of cell proliferation [14, 18]. Con-
versely, p75 activation induces apoptosis, especially
under conditions where TrkA activation is reduced or
absent [19, 20]. Besides being a biological target for
neurotrophins, vascular ECs actively produce NGF
[14, 15], thus suggesting the existence of para-
crine/autocrine loops of NGF on these cells.

Based on the above rationale, we designed a study
to investigate whether the expression of endogenous
NGF system is deregulated in skin ulcers of Type 1 di-
abetic mice. In addition, we examined whether NGF
supplementation can prevent the cellular and molecu-
lar liabilities that hamper proper reparative angiogene-
sis in Type 1 diabetes.

Materials and methods

Diabetes induction and operative model. All procedures were
carried out in accordance with the Guide for the Care and Use
of Laboratory Animals (1996; Institute of Laboratory Animal
Resources, National Academy of Sciences, Bethesda, Md.,
USA).

Male CD1 mice (Charles River, Comerio, Italy) were made
diabetic using streptozotocin (40 mg/kg i.p. per day for 5 days;
Sigma, Milan, Italy). Only mice showing consistently elevated
fasting glucose levels (13.8 mmol/l) and overt glycosuria were
included in the study. At 4 weeks from induction of diabetes,
mice (aged 12 weeks) were anaesthetised with 2,2,2-tribromo-
ethanol (880 mmol/kg body weight i.p.; Sigma) to receive two
full-thickness 4-mm-wide skin wounds in the interscapular re-
gion by means of disposable skin punch equipment. Age-
matched, non-diabetic mice were used as controls.

NGF supplementation protocol. NGF was prepared from adult
male mouse submandibulary glands [21] and further purified
by additional carboxymethyl-cellulose chromatography. The
purified NGF was dissolved in PBS and kept at 4 °C for no
longer than 1 week. Under these conditions, both stability and
activity of NGF remains unchanged.

Starting immediately after punching and continuing for 3
days, NGF (1 µg in 20 µl PBS) was daily applied to the right-
side ulcer, while an equal volume of PBS was added to the
contralateral wound (n=19 mice). We adopted a previously
published short-term treatment schedule [13] because our aim
was to evaluate neoangiogenesis, a process that occurs at early
phases of healing. The dosage of NGF corresponds with that
previously employed in diabetic patients with trophic ulcers
[11]. In addition, non-diabetic controls (n=10) were subjected
to the same wounding procedure and then randomised to treat-
ments described above.

Clinical outcome was established by determining the rate of
wound closure. To do this, wound area was measured immedi-
ately after punching, and then sequentially until the mice were
killed, by means of a morphometry program (ProPlus Image
Software) on images captured by a video camera (Pixera), or
using a caliper to determine two perpendicular diameters of the
wound. In our experience, the two methods work very well to-
gether in estimating wound surface and the rate of closure.

Histological assessment of microvascular effects. The impact
of diabetes and exogenous NGF supplementation on reparative
capillarisation was examined in wounded tissue. These experi-
ments were also aimed at determining the concurrent expres-
sional changes of endogenous NGF system. For this purpose,
the mice were killed with an overdose of anaesthetic. Wounds
and surrounding skin were removed and perpendicularly cut
into two halves. One half was immediately frozen for molecu-
lar biology studies, which were conducted on specimens col-
lected at 3 days from punching (vide infra), and the other was
fixed in 4% buffered formalin solution and further processed
for histology and/or immunohistochemical analysis on samples
harvested at 3 and 14 days. A piece of non-wounded skin was
taken for reference. Analysis was performed by a scientist (G.
Graiani) who was unaware of the randomisation protocol.

Sections were cut and stained with hematoxylin and eosin.
In addition, a second set of sections was stained with antibody
to platelet endothelial cell adhesion molecule (PECAM [CD-
31]; Dako, Glostrup, Denmark). Immunostaining for PECAM
was revealed with streptavidin-conjugated peroxidase (SCP)
and DAB as a chromogen. Capillaries and cellular compo-
nents were counted using an ocular reticle (9604-µm2 area) at
×1000 magnification. For each section, more than 50 fields
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were randomly examined and averaged. The number of capil-
laries per field was used to compute capillary density per mm2

of section.

Analysis of apoptosis. Apoptosis was assessed by terminal de-
oxynucleotidyl transferase-mediated dUTP nick-end labelling
(TUNEL) assay in wounded tissues of diabetic or non-diabetic
mice (n=6 per group). Sections 3 µm thick were stained with
SCP/DAB and counterstained with hematoxylin. Positive con-
trols were pre-treated with 1 µg/ml DNase I, while negative
controls were incubated in the absence of terminal deoxynucle-
otidyl-transferase. Sections were examined at ×1000 magnifi-
cation. TUNEL-positive ECs were counted and expressed as
number per mm2 of section or per 1000 capillaries.

The NGF p75 receptor has been linked to apoptosis. There-
fore, we determined the rate of apoptotic ECs among those
positive or negative for p75. To do this, sections were incubat-
ed with 5 U of 2.5% CoCl2, 0.2 mol/l potassium cacodylate,
25 mol/l Tris-HCl, 0.25% BSA, and 0.5 nmol/l biotinylated 2′
deoxyuridine-5′-triphosphate (biotin-16-dUTP). Apoptotic nu-
clei were revealed by green fluorescence after incubation with
5 µg/ml of FITC-labelled extravidin (Sigma). Subsequently,
sections were exposed to anti-p75 antibody (mouse mab, 1:50;
Dako) for 1 h at 37 °C, and the reaction was visualised by the
red fluorescence of TRITC-conjugated anti-mouse IgG (Sig-
ma). Nuclei were visualised by bisbenzimide staining. The
proportion of p75-positive or p75-negative ECs with apoptotic
nuclei was then calculated under fluorescence microscopy.
Since the TUNEL technique may alter tissue preservation, only
nuclei lining the vessel luminal profiles were considered to be-
long to ECs.

BrdU labelling for measurement of EC proliferation. An addi-
tional experiment was performed to determine whether NGF
stimulates EC proliferation in vivo. Proliferation was assessed
by immunohistochemical analysis of the cellular incorporation
of thymidine analogue BrdU. Diabetic mice were randomly al-
located to wound treatment with NGF (n=5) or PBS (n=4) and
at the same time received BrdU (25 mg/kg body weight i.p. in
100 µl of PBS per day for 3 days; Sigma). Three days after
punching, mice were killed and the wounded skin harvested
for analysis. Proliferating cells were identified with a mono-
clonal mouse antibody to BrdU (1:100; Dako) diluted in PBS +
1% normal goat serum. Unspecific background staining was
eliminated by pre-incubation for 20 min in 3% peroxidase and
20 min in methanol. Sections were then incubated with sec-
ondary anti-mouse antibody (Dako), stained with SCP/DAB,
and counterstained with hematoxylin. For each section, more
than 50 fields were randomly examined and averaged.

Effect of diabetes on NGF and NGF receptor expression. TrkA
and p75 receptor expression was evaluated in specimens har-
vested from diabetic or non-diabetic mice at 3 days from
punching (n=6 per group). Identification of TrkA receptor was
performed using a polyclonal rabbit antibody (Santa Cruz).
The specific binding was detected using a biotinylated anti-
rabbit IgG and the streptavidin-peroxidase technique (Vectas-
tain Elite ABC kit, Vector Laboratories). Similarly, low affinity
p75 receptor was identified using a monoclonal mouse anti-
body (1:50; Dako) diluted in PBS + 1% normal goat serum. In
negative controls, the primary antibody was omitted. For each
section, more than 50 fields were randomly examined and av-
eraged. The number of TrkA or p75-positive cells per field was
counted to compute density per mm2 section. To assess the rel-
ative abundance of NGF receptor expression in wound micro-
vasculature, the proportion of TrkA- or p75-positive ECs over
1000 capillaries was calculated.

NGF content was determined in fresh tissue homogenates
using a highly sensitive ELISA (NGF Emax ImmunoAssay
System, Promega).

Analysis of VEGF-A expression by real-time quantitative
PCR. Next, we determined the impact of diabetes and NGF
treatment on the expression of the master angiogenic factor
VEGF-A. Frozen skin specimens (obtained at 3 days from
punching) were homogenised in Tri reagent (Sigma), and
RNA was extracted according to the manufacturer’s protocol.
Then, 2 µg of RNA in 50 µl of reaction solution was reverse-
transcribed with M-MLV reverse transcriptase (Invitrogen).
We used 5 µl of transcript product solution for RT-PCR ampli-
fication. Primers for amplification of murine VEGF-A cDNA
(Genebank M95200) were: 5′ CCAGCGAAGCTACTGC-
CGTCCA 3′ (forward) and 5′ ACAGCGCATCAGCGGCA-
CAC 3′ (reverse) from which a 109-bp amplification product
was obtained. VEGF-A cDNA was measured using quantita-
tive real-time PCR (ABI PRISM 7000 Sequence Detection
System) and the levels of VEGF-A cDNA were normalised to
the levels of the glyceraldehyde-3-phosphate-dehydrogenase
housekeeping gene cDNA. As DNA standards, the products of
the conventional PCR for murine VEGF (111 bp) and GAPDH
(156 bp) with the use of the primers designed for the real-time
PCR, were cloned into pGEM-T Easy vector (Promega).

In vitro proliferation and apoptosis assays on ECs from hu-
man derma microvasculature. The effects of NGF on EC biol-
ogy were evaluated under culture conditions simulating dia-
betic hyperglycaemia. Human ECs were kindly provided by
G. Alessandri (Besta Institute, Milan, Italy). Proliferation ex-
periments were performed by the MTS assay (Promega). Hu-
man ECs (at 8th passage) were seeded in EGM-2 EC Medi-
um-2 (Cambrex) on 96-well plates pre-coated with collagen
and fibronectin. After 4 h, medium was exchanged for a simi-
lar one that contained reduced FBS and high glucose
(30 mmol/l) plus NGF (100 ng/ml) or vehicle. Proliferation
was assessed after 24 hours. Each experiment was per-
formed in six wells per experimental group and repeated three
times.

Finally, the effect of NGF on high-glucose-induced apopto-
sis was examined. Human ECs were plated onto 24-well plates
and then incubated for 72 h in reduced FBS and high-glucose
(30 mmol/l) medium containing vehicle, NGF (100 ng/ml), or
NGF plus PTK787 (10−6 mmol/l), a specific VEGF-A receptor
2 antagonist (Novartis Pharma). At the end of incubation, cells
were fixed in 4% paraformaldehyde for 10 min, washed twice
with PBS and incubated with 4′-6′-diaminidino phenylindole
(DAPI, 1 µg/ml PBS; Roche), a fluorescent probe for DNA, for
20 min. Wells were examined by fluorescent microscopy. Five
randomly selected fields per well were captured with a video
camera at 10× magnification. Apoptotic ECs, identified by
condensation and fragmentation of their nuclei, were counted
automatically (Image ProPlus). The total cell number was also
computed in each field to calculate the percentage of apoptotic
cells. Each experiment was performed in quadruplicate and re-
peated three times.

In separate experiments, immunoreactive VEGF-A levels in
the NGF-conditioned culture media were measured using a
quantitative ELISA kit (R&D Systems).

Statistical analysis. All results are expressed as means ± SEM.
Nested ANOVA was performed to test for interaction between
time and grouping factor. Differences within and between
groups were determined using paired or unpaired Student’s t
test respectively. A p value of less than 0.05 was considered
statistically significant.

Nerve growth factor promotes reparative angiogenesis and inhibits endothelial apoptosis 1049



Results

Effects of Type 1 diabetes on the expression of endog-
enous NGF system and on EC proliferation and apop-
tosis. As shown in Figure 1a, in wounds of untreated
diabetic mice, endogenous NGF levels were lower
than those in wounds of non-diabetic controls
(p<0.01). In wound microvasculature of diabetic mice,
immunohistochemical analysis documented a 13-fold
reduction of TrkA-positive ECs (Fig. 1b) and a four-
fold increase of p75-positive ECs (Fig. 1c). As a con-
sequence of these reciprocal changes, TrkA : p75 ratio
was strikingly reduced in diabetic mice (0.011±0.002
vs 1.05±0.11 in non-diabetic mice, p<0.001).

As shown in Figure 1d, apoptosis was markedly ac-
tivated in diabetic mice (28±5 vs 14±2 apoptotic ECs
per 1000 capillaries in non-diabetic mice, p<0.01). By
immunofluorescence microscopy, we also documented
that 93% of apoptotic ECs were p75-positive. In addi-
tion, diabetic wounds displayed depressed EC prolif-
eration. In fact, during the first 3 days after punching,
BrdU incorporation by ECs was significantly lower
(p<0.01) than in non-diabetic wounds (7.7±1.5 and
18.4±2.2 BrdU-positive ECs respectively). These re-
sults indicate that Type 1 diabetes alters the expres-
sion of endogenous NGF system and impairs EC via-
bility and proliferation in wound neovascularisation.

NGF accelerates the rate of wound closure. In diabet-
ic mice, wound closure was slower than in non-dia-
betic mice (Fig. 2, p<0.05), but supplementation of
exogenous NFG corrected the impairment (Fig. 2b).
In fact, at day 2 from punching, the areas of NGF-
treated diabetic wounds averaged 1.6 times less than
those of contralateral PBS-treated wounds (p<0.01).
As a consequence of this early improvement, the rate
of wound closure over the remaining period was
shifted to match the pattern seen in non-diabetic con-
trols.

NGF potentiates reparative angiogenesis. Next, we
tested the effect of NGF on reparative neoangiogene-
sis. Capillary density of non-wounded skin did not
differ between diabetic and non-diabetic mice
(180±49 vs 204±13 capillaries/mm2, NS). However,
as shown in Figure 3a, wound capillarisation was sig-
nificantly impaired in PBS-treated diabetic mice
(232±16 capillaries/mm2) as compared with the non-
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Fig. 1. Graphs show the effect of Type 1 diabetes mellitus
(Diab) on NGF levels (a), and number of ECs positive for
TrkA (b), p75 receptor (c), or TUNEL staining (d) in tissue
sections from skin wounds. Non-diabetic mice (Non-diab)
were used as controls. Specimens were collected 3 days after
punching. Values are means ± SEM. Numbers within columns
indicate sample size. cap, capillaries; **p<0.01 vs control

Fig. 2. Bar graph shows the rate of wound closure in non-dia-
betic (a) or Type 1 diabetic (b) mice. With mice under 2,2,2-
tribromoethanol anaesthesia, two full-thickness 4-mm-wide
skin wounds were produced in the interscapular region using
disposable skin punch equipment. Left-side wounds were treat-
ed with PBS (non-diabetic, empty columns; diabetic, dotted
columns) and right-side wounds with NGF (1 µg in 20 µl PBS)
(non-diabetic, hatched columns; diabetic, full columns). Values
are means ± SEM. Numbers within columns indicate sample
size. *p<0.05 vs non-diabetic, +p<0.05 and ++p<0.01 vs contra-
lateral side



diabetic mice (291±21 capillaries/mm2, p<0.001). The
defect in reparative angiogenesis was corrected 
by topical application of exogenous NGF leading 
the capillarity of diabetic wounds to 312±32 cap-
illaries/mm2 (p<0.01 vs contralateral PBS-treated
wounds). In contrast, NGF supplementation did not
further enhance reparative neovascularisation of non-
diabetic wounds (NS). These results indicate that NGF
selectively stimulates reparative angiogenesis in dia-
betic wounds.

NGF stimulates EC proliferation and suppresses ap-
optosis. As shown in Figure 4a, the number of BrdU-
positive ECs was three-fold higher in wounds that re-
ceived NGF supplementation (21.8±3.2 vs 7.7±1.5
ECs per mm2 in PBS-treated wounds, p<0.01). Like-
wise, epithelial cell proliferation was significantly en-
hanced in NGF-treated wounds (p<0.01 vs PBS, data
not shown).

As shown in Figure 4b, the number of apoptotic
ECs was significantly reduced after 3-day treatment
with NGF (14±4 vs 28±5 apoptotic ECs per 1000 cap-
illaries in PBS-treated wounds, p<0.05).

Therefore, exogenous NGF is able to correct the di-
abetes-induced deficit in EC proliferation, and pro-
tects ECs from apoptosis.

Expression of NGF receptors after exogenous NGF
administration. By immunohistochemistry we exam-
ined whether NGF treatment alters the expression of
its own receptors. NGF increased the number of
TrkA-positive ECs in diabetic wounds (13.87±6.46 
vs 1.66±1.15 per 1000 capillaries in PBS-treated
wounds, p<0.05) and reduced the number of p75-posi-
tive ECs (Fig. 5, p<0.01 vs PBS-treated wounds). As a
consequence of these reciprocal changes, TrkA : p75
ratio was increased 19-fold in NGF-treated diabetic
mice.
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Fig. 3. Bar graph showing cutaneous capillary density of dia-
betic (hatched columns) or non-diabetic (empty columns) mice.
Wounds were treated with PBS or NGF for 3 consecutive days.
Capillary density in wounded and non-wounded skin was deter-
mined. Values are means ± SEM. Numbers within columns in-
dicate sample size. cap, capillaries; +p<0.05 and ++p<0.01 vs
non-wounded, **p<0.01 vs non-diabetic, §§p<0.01 vs PBS

Fig. 4. Bar graph shows the number of dividing ECs, identified
by BrdU staining (a), and the proportion of apoptotic ECs,
identified by TUNEL staining (b), in wounded tissue harvested
from diabetic mice at day 3 from punching. Wounds were treat-
ed with PBS (empty columns) or NGF (dotted columns) for 3
consecutive days. Values are means ± SEM. Numbers within
columns indicate sample size. cap, capillaries; *p<0.05 vs PBS

Fig. 5. Representative immunohistochemical staining (a, b) for
p75 receptor in specimens of wounded tissue harvested from
diabetic mice on day 3 from punching. Wounds were treated
with PBS (a) or NGF (b) for 3 consecutive days. The number
of p75-positive microvessels (arrows) is reduced in NGF-treat-

ed wounds. Signal intensity is also reduced. Original magnifi-
cation: ×1000. The bar length corresponds to 10 µm. The pro-
portion of p75-positive ECs per 1000 capillaries is shown in c.
Numbers within columns indicate sample size. cap, capillaries;
*p<0.05 vs PBS



NGF stimulates VEGF-A expression in diabetic wounds.
As shown in Figure 6, quantitative RT-PCR analysis
documented a 5.5-fold increase of murine VEGF-A
expression in NGF-treated wounds compared with
PBS-treated wounds (p<0.01). The effect of NGF on
VEGF-A expression was less pronounced in non-dia-
betic mice (p=0.07, NS).

NGF stimulates VEGF-A release in vitro and inhibits
high-glucose-induced EC apoptosis. NGF supplemen-
tation increased the levels of immunoreactive VEGF
in the conditioned media (2.1±0.2 vs 0.5±0.1 pg/ml in
controls, p<0.01).

The high-glucose environment triggered apoptosis
of cultured human derma ECs. Total cell counting av-
eraged 2±1 per field in high-glucose-containing wells,
compared with 19±2 per field in normal-glucose-con-
taining wells (p<0.01). NGF supplementation partially
prevented the reduction in EC counting (9±1 cells per
field, p<0.01 vs vehicle) and inhibited apoptosis in-
duced by 72-h incubation in high glucose (45 vs 86%
apoptotic ECs in vehicle, p<0.05), the latter effect be-
ing reversed by an antagonist for VEGF receptor-2
(76% apoptotic ECs, NS vs vehicle).

Under high-glucose conditions, proliferation of der-
ma ECs was not significantly enhanced by NGF (NS).

Discussion

NGF is essential for the maturation and differentiation
of the central nervous system of the embryo. It then
continues to have neurotrophic and pleiotropic healing
effects during adulthood [9, 10, 11, 12, 13, 14, 22]. In
fact, NGF expression is up-regulated after cutaneous
wounding [13] or induction of ischaemia in otherwise
healthy animals [14], the functional relevance of this

phenomenon being supported by the recent discovery
that post-ischaemic repair is hampered by administra-
tion of anti-NGF antibodies [14].

It is worth noting that NGF production is instead im-
paired in the skin of rodents (as shown in the present
study) and humans with Type 1 diabetes [8], suggesting
that insufficient surge of the neurotrophin may be im-
plicated in delayed repair of diabetic ulcers. The pres-
ent study confirms that Type 1 diabetes causes relevant
alterations in ECs within wound microvasculature, con-
sisting of depressed proliferation and increased apopto-
sis [23]. Most importantly, it adds the novel information
that disturbed EC biology is associated not only with
low NGF content, but also with distinct expressional al-
terations of vascular NGF receptors resulting in a 100-
fold decrease of TrkA : p75 ratio. These alterations
might have profound impact on EC proliferation and
viability. In fact, studies in neuronal cells suggest that
the mechanism that allows cell survival upon induction
of mitosis is dependent on the continuous presence of
NGF and the expression of TrkA receptors [24]. Bind-
ing of NGF to TrkA causes tyrosine kinase domain
auto-phosphorylation, allowing interaction with adaptor
proteins that couple the receptor to intracellular sig-
nalling cascades, namely the protein kinase ERK path-
way, the PI3K/Akt pathway, and the phospholipase C
pathway [18]. These signalling cascades trigger cell cy-
cle progression through Shc protein recruitment and ac-
tivation of Ras and Rap1 [25].

The role of p75 receptor in the control of cell cycle
has not been fully determined. Activation of p75, a
member of the TNF-α receptor superfamily, reported-
ly increases the affinity of NGF binding to TrkA,
thereby enhancing NGF-mediated neuronal survival
[24]. However, under conditions where TrkA expres-
sion is reduced (as observed in our diabetic mice), the
p75 receptor preferentially triggers apoptosis [17, 19].
Similar to the TNF-α receptors, the p75 has an intra-
cellular domain, a so-called death domain, that forms
complexes with zinc-finger-containing proteins, such
as NRIFs, SC-1, and NRAGE, a member of the mela-
noma antigen family [26, 27]. Translocation of these
complexes to the nucleus leads to apoptosis or cell 
cycle arrest via ceramide [28] and stress kinase c-jun
N-terminal kinase (JNK) [27].

From the above, we speculate that shortage of NGF
combined with disruption of the balance between pro-
survival TrkA and pro-apoptotic p75 receptor may con-
tribute to the insufficient neoangiogenesis of diabetic
wounds. The link between p75 and EC death is further
suggested by our observation that more than 90% of
apoptotic ECs in granulation tissue of diabetic wounds
were p75-positive. Thus, expression of p75 may repres-
ent a hallmark for EC commitment to death. However,
because of the correlative nature of these observations,
no definite conclusion could be drawn regarding a pos-
sible causative role of NGF system in diabetes-induced
microvascular dysfunction.
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Fig. 6. Bar graph illustrates VEGF-A expressional changes in
wounded tissues harvested 3 days after punching from non-di-
abetic (Non-diab) or diabetic (Diab) mice treated with PBS
(closed columns) or NGF (open columns). Numbers within
columns indicate sample size. **p<0.01 vs PBS, +p<0.05 and
++p<0.01 vs non-diabetics



For further insight into this matter, we evaluated
whether correction of NGF deficits by a supply-side
approach could prevent microvascular liabilities and
favour reparative angiogenesis. As expected, NGF im-
proved the capillarisation of diabetic wounds. This ef-
fect was attributable to stimulation of EC proliferation
and inhibition of apoptosis. In addition, NGF supple-
mentation produced significant expressional changes
of its own receptors, leading to a 19-fold increase in
TrkA : p75 ratio, thus indirectly confirming the impor-
tance of an appropriate balance between these two re-
ceptors for a proper healing.

It was somehow surprising that supplementation
with NGF did not enhance wound capillarisation in
non-diabetic mice. However, evidence indicates that
NGF is physiologically up-regulated in healthy ani-
mals subjected to tissue injury [13, 14]. The increase
in endogenous NGF could be sufficient to saturate re-
ceptor sites, thus making irrelevant the contribution of
additional supplements. Furthermore, other reparative
mechanisms controlling neoangiogenesis are efficient-
ly activated in non-diabetic animals.

NGF may also act as an indirect activator of EC
survival and growth by stimulating the release of other
endothelial mitogens including VEGF or modulators
of angiogenesis, such as NO. In vivo, we observed
that VEGF-A expression is activated in diabetic ulcers
treated with NGF. Furthermore, NGF stimulated the
release of VEGF-A from cultured ECs and inhibited
high-glucose-induced apoptosis, the latter effect being
reversed by an antagonist against VEGF-A receptor-2.
These findings are consistent with our previous stud-
ies documenting the ability of NGF to improve post-
ischaemic neovascularisation of ischaemic hindlimb
muscles through a VEGF-A/Akt-B/eNOS-dependent
mechanism [14]. The present report adds the impor-
tant and novel information that VEGF-A is crucial for
NGF anti-apoptotic activity.

In conclusion, our results support the hypothesis
that a deficit in endogenous NGF production, and up-
regulation of NGF p75 receptor may contribute to dia-
betes-related impairment of reparative angiogenesis.
Conversely, topical NGF supplementation accelerates
diabetic wound healing by enhancing the regenerative
potential of ECs and conferring upon them resistance
against apoptotic death, seemingly via modulation of
its own receptors and an increase in VEGF-A levels.
This study unravels new mechanisms of the healing
effect of NGF and provides novel targets for the treat-
ment of diabetic complications.
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