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Gostynska N, Pannella M, Rocco ML, Giardino L, Aloe L,
Calzà L. The pleiotropic molecule NGF regulates the in vitro
properties of fibroblasts, keratinocytes, and endothelial cells: im-
plications for wound healing. Am J Physiol Cell Physiol 318:
C360 –C371, 2020. First published November 27, 2019; doi:
10.1152/ajpcell.00180.2019.—Nerve growth factor (NGF) is recog-
nized as a pleiotropic molecule, exerting a variety of biological effects
on different cell types and pathophysiological conditions, and its role
in tissue wound healing has been recently highlighted. However, the
preferential cellular target of NGF is still elusive in the complex
cellular and molecular cross talk that accompanies wound healing.
Thus, to explore possible NGF cellular targets in skin wound healing,
we investigated the in vitro NGF responsiveness of keratinocytes (cell
line HEKa), fibroblasts (cell line BJ), and endothelial cells (cell line
HUVEC), also in the presence of adverse microenvironmental condi-
tions, e.g., hyperglycemia. The main results are summarized as fol-
lows: 1) NGF stimulates keratinocyte proliferation and HUVEC
proliferation and angiogenesis in a dose-dependent manner although it
has no effect on fibroblast proliferation; 2) NGF stimulates keratino-
cyte but not fibroblast migration in the wound healing assay; and 3)
NGF completely reverts the proliferation impairment of keratinocytes
and the angiogenesis impairment of HUVECs induced by high D-glu-
cose concentration in the culture medium. These results contribute to
better understanding possible targets for the therapeutic use of NGF in
skin repair.
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INTRODUCTION

Nerve growth factor (NGF) is a molecule originally de-
scribed as “neurotrophic factor” by Rita Levi-Montalcini.
However, several decades of scientific research have shown
that many cell types produce NGF and/or express NGF recep-
tors; thus, NGF has been reconsidered as a “pleiotropic mole-
cule” that regulates various physiological and pathological
processes, such as inflammation, immunity, skin and mucosa
turnover and repair, angiogenesis, etc. (3, 21).

In particular, endogenous NGF has been shown to play a
role in skin and mucosal wound healing, demonstrated in
various animal and lesion models as well as human pathologies
(8, 24). Several of the cellular actors involved in epithelial

tissue repair are NGF-producing or NGF-dependent cells, ex-
pressing the tropomyosin receptor kinase A (TrkA) high-
affinity receptor. For example, TrkA is expressed by basal
keratinocytes in human skin (29), and in dermal fibroblasts and
myofibroblasts (38), whereas NGF has been observed in esoph-
ageal keratinocyte progenitor cells (43) and is expressed in
dermal fibroblasts (38). NGF has been also indicated as a novel
angiogenic molecule that exerts a variety of effects on endo-
thelial cells by way of autocrine and/or paracrine mechanisms
(5, 36). Inflammatory and immune cells also express NGF high
(TrkA)- and low (p75)-affinity receptors (32). Finally, the
thinly myelinated A�- or unmyelinated C-fibers that innervate
the skin (dermis and epidermis) are dependent on the NGF-
TrkA system during development (16).

A number of observations also suggest that pathological
states modify the NGF-TrkA system in several cell types and
tissues. In particular, inflammation can greatly enhance the
synthesis of NGF in the tissues, and in vitro and in vivo
evidence indicates that inflammatory cytokines induce or en-
hance NGF synthesis in a variety of cells, such as fibroblasts
and epithelial, endothelial, glial, neuronal, and immune cells
(32). On the other hand, an impairment in endogenous NGF
synthesis has been implicated in delayed wound repair, for
example, in diabetic rats (2).

Taking this evidence as a starting point, the topical applica-
tion of NGF has been considered as possible therapy to
accelerate wound repair in pathological conditions character-
ized by an impaired healing process (24), and several reports
have described the positive effect of NGF in epithelial wound
healing, including chronic nonhealing cutaneous ulcers in di-
abetic rodents (53). Moreover, the positive effect of NGF on
corneal healing described since 2000 (19) has led to Food and
Drug Administration (FDA) approval of NGF ocular drops for
the treatment of rare neurotrophic keratitis.

However, wound repair is a complex phenomenon involving
numerous cell types in a defined temporal sequence, and it is
not currently clear which cell type preferentially responds to
endogenous or exogenous NGF availability in normal and
pathological conditions. To examine these aspects, we inves-
tigated the effect of NGF on three pivotal cell types involved
in skin wound healing (keratinocytes, fibroblasts, and endothe-
lial cells) in terms of NGF receptor regulation, proliferation,
and migration, also in the presence of high glucose concentra-
tions in vitro. The choice of the cell systems has been directed
to the use of cell lines widely used for drug screening. Mouse
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NGF (mNGF) was used in this study, since it has a high
number of amino acid sequences identical to human NGF
(90%), and the NGF preparation used in this study has proven
effective in human tissues, for example, in promoting wound
healing in diabetic patients (12) and in human corneal lesions
(21, 22).

MATERIALS AND METHODS

Cell cultures. The human skin fibroblast cell line BJ was purchased
from the American Type Culture Collection (CRL-2522; ATCC,
Manassas, VA). This cell line was generated from newborn normal
male human foreskin. According to the ATCC indications, these cells
have a reported normal diploid karyotype at population doubling 61
but an abnormal karyotype at population doubling 82. They are
telomerase negative. Cells were cultured under standard conditions, in
minimum essential medium (MEM; Gibco, Waltham, MA) containing
5.5 mM D-glucose, supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA) and 1%
penicillin (100 U/ml)-streptomycin (100 �g/ml); Thermo Fisher Sci-
entific), in a humidified incubator of 5% CO2 at 37°C. When 70–80%
confluency was reached, cells were passaged by trypsinization and
subcultured in 75-cm2 flasks. At initial seeding, the cell density was
between 7 � 103 and 10 � 103 cells/cm2.

The normal adult human primary epidermal keratinocyte cell line
HEKa was purchased from the American Type Culture Collection
(ATCC PCS-200–011). Cells were grown in dermal cell basal media
(ATCC PCS-200–030) supplemented with Keratinocyte Growth Kit
components (ATCC PCS-200–040) containing the following growth
components: 0.4% bovine pituitary extract (BPE), 0.1% recombinant
human (rh) TGF-� (0.5 ng/mL), 3% L-glutamine (6 mM), 0.1%
hydrocortisone hemisuccinate (100 ng/mL), 0.1% rh insulin (5 mg/
mL), 0.1% epinephrine (1.0 mM), 0.1% apotransferrin (5 mg/mL;
ATCC PCS-200–400), and 0.1% penicillin (100 U/ml)-streptomycin
(100 �g/ml; Thermo Fisher Scientific), in a humidified incubator of
5% CO2 at 37°C. When 70–80% confluency was reached, cells were
passaged by trypsinization and trypsin-neutralizing solution and sub-
cultured in 75-cm2 flasks. At initial seeding, the cell density was
between 5 � 103 and 8 � 103 cells/cm2.

Primary human umbilical vein endothelial cells pooled (HUVECp)
were purchased from Gibco (cell culture catalog no. C-015–5C;
Invitrogen, Waltham, MA). These cells were pooled from multiple
isolates. Cells were grown in phenol red-free basal medium M200
(Life Technologies, Waltham, MA) containing 10% FBS (Life Tech-
nologies), 1% penicillin-streptomycin, 1% L-glutamine, and growth
factors (low-serum growth supplement; Life Technologies) supple-
mented with low-serum growth supplement containing the following
growth components: 2% vol/vol FBS; 1 �g/mL hydrocortisone, 10
ng/mL human epidermal growth factor, 3 ng/mL basic fibroblast
growth factor, and 10 �g/mL heparin in a humidified incubator of 5%
CO2 at 37°C. When 70–80% confluency was reached, cells were
passaged by trypsinization and trypsin-neutralizing solution and sub-
cultured in 75-cm2 flasks. At initial seeding, the cell density was 7.5 �
103 cells/cm2.

NGF and anti-NGF antibody preparation. Murine �-NGF was
purified in our laboratory from adult male mouse submaxillary glands
(4), with minor revisions. The anti-NGF antibody was raised in goat
and purified following an established procedure (51). Male Crl:
CD1(ICR) mice, 6–8 mo old, were obtained from Charles River Italia
and euthanized by cervical translocation.

All animal protocols described here were carried out according to
the European Community Council Directives 86/609/EEC, approved
by the Italian Ministry of Health, and the European Community
Council Directives 2010/63/UE. Moreover, animal protocols were
carried out in compliance with the guidelines published in the Animal
Research: Reporting In Vivo Experiments and National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Cell proliferation. Cells were seeded in a 96-well plate at a density
of 3.5 � 103 cells/well for fibroblasts in their cell culture medium with
a lower amount of FBS (2%), at 2.0 � 103 cells/well for keratinocytes
in their culture medium without FBS, and at 2.0 � 103 cells/well for
HUVECs in their complete culture medium. Cells were then treated
with different concentrations of mNGF (0, 50, 100, and 200 ng/mL).
On every 2nd day from days 0 to 8, cells were detached by trypsiniza-
tion and counted using a hemocytometer. Cells from three wells per
group were counted, and each well was counted two times, taking all
nine squares in the hemocytometer into account. The medium was
changed every 2 days, and new NGF was added.

Tube formation assay. HUVECs were seeded in a 24-well plate at
a density of 9 � 104 cells/well on gelatin coating in a culture medium
containing mNGF (50, 100, and 200 ng/mL) overnight in a humidified
incubator of 5% CO2 at 37°C. The next day, cells were detached using
trypsin EDTA and seeded on Geltrex LDEV-free matrix (Thermo
Fisher Scientific, Waltham, MA) in the culture medium with mNGF
(50, 100, and 200 ng/mL) for the tube formation assay. The assay was
blocked after 8 h, this being the time of maximum tube net extension
under the experimental conditions used.

Immunostaining. Indirect immunofluorescence was used to identify
trkANGFR high- and p75NTR low-affinity NGF receptors, to charac-
terize the cell lines, and to analyze the proliferation also after mNGF
stimulation. In each cell line, NGF-treated and untreated cultures were
processed in the same experimental session. Cells were seeded on
cover slips at the density of 2 � 104 cells/well for fibroblasts, 6 � 104

cells/well for keratinocytes, and 6 � 104 cells/well for HUVECs.
Cells were grown in their cell culture medium without FBS (keratin-
ocytes), with 2% of FBS (fibroblasts), or in complete medium
(HUVEC) in the presence or absence of 200 ng/mL of mNGF. After
5 days of culture, cells were fixed with 4% paraformaldehyde, and the
following primary antibodies were used: 1:500 rabbit anti-TrkA
(Abcam, Cambridge, UK), 1:500 rabbit anti-p75 (Promega, Madison,
WI), and 1:100 mouse anti-vimentin (Santa Cruz Biotechnology,
Dallas, TX) to characterize fibroblasts; 1:200 mouse anti-platelet/
endothelial cell adhesion molecule-1 (PECAM1; Santa Cruz Biotech-
nology); and 1:150 rabbit anti-VE cadherin (Thermo Fisher, Waltham,
MA) to characterize HUVECs; 1:100 guinea pig anti-keratin (Sigma-
Aldrich, Burlington, MA) and 1:200 rabbit anti-laminin (Sigma-
Aldrich) to characterize keratinocytes; and 1:200 goat anti-minichro-
mosome maintenance complex component 2 (MCM2, N-19; Santa
Cruz, Biotechnology) to evaluate cell proliferation in all cell lines.
Donkey rhodamine red-conjugated anti-rabbit (Jackson Laboratories),
donkey Alexa 488-conjugated anti-mouse (Thermo Fisher), donkey
rhodamine red-conjugated anti-goat (Jackson Laboratories), and don-
key Cyth 2 conjugated anti-guinea pig (Jackson Laboratories) were
used as secondary antibodies. All primary antisera have been exten-
sively used in the scientific literature. Control experiments were
carried out by using the secondary antiserum, alone, and all staining
to compare was performed in the same experimental session.

After immunofluorescence staining, cells were incubated with the
nuclear dye Hoechst 33258 (1 �g/mL in PBS and 0.3% Triton X-100)
for 20 min at room temperature. Cells were finally washed in PBS and
mounted in glycerol and PBS (3:1 vol/vol) containing 0.1% paraphe-
nylenediamine.

Wound assay. Fibroblasts (60 � 103 cells/well) and keratinocytes
(6 � 104 cells/well) were seeded in a 24-well plate, using 3 wells/
group, and grown in their complete cell culture medium until they
reached a confluent monolayer. The cells were then pretreated with
different concentrations of mNGF (0, 50, 100, and 200 ng/mL) or
mNGF (200 ng/mL) with anti-NGF antibodies (10 �g/mL, neutral-
ization experiments) in cell culture medium without FBS for 16 h.
Next, the linear scratch through the middle of each well was produced
using a sterile pipette tip (200 �L), and the medium was replaced with
or without NGF/anti-NGF antibodies. Images of the wounded cell
monolayers were taken after 10 h using an optic microscope (IX70;
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Olympus), the area of the wound was measured using ImageJ soft-
ware, and the percentage of wound closure was calculated.

Glucose treatment and wound assay. Fibroblasts were seeded in a
24-well plate at a density of 35 � 103 cells/well in their complete cell
culture medium (MEM with 10% FBS). After 24 h, the medium was
changed for MEM containing D-glucose (Sigma Aldrich) at the final
concentrations of 25 and 50 mM � 200 ng/mL of mNGF, and cells
were incubated for 2 days. At day 3, the medium was replaced with
fresh medium with a new portion of D-glucose � mNGF without FBS,
and the scratch test was performed as described above. The control
group without extra addition of glucose had a final D-glucose concen-
tration of 5.5 mM.

Keratinocytes were seeded in a 24-well plate at a density of 5.0 �
104 cells/well in their complete culture medium without FBS. At 7
days in vitro (DIV), the keratinocytes reached a density of 90%. The
medium was changed, D-glucose (Sigma Aldrich) was added at the
final concentrations of 5.5, 10, and 25 mM � 200 ng/mL mNGF, and
the cells were incubated overnight. The medium was replaced with a
new portion of D-glucose � NGF without FBS, and the scratch test
was performed as described above. The control group is represented
by the glucose vehicle (PBS). The culture was maintained for 48 h.

Glucose treatment and tube formation assay. HUVECs were
seeded in a 24-well plate with a density of 9 � 104 cells/well on
gelatin coating in culture medium containing mNGF (200 ng/mL) and
D-glucose (30 mM) overnight in a humidified incubator of 5% CO2 at
37°C. The next day, the cells were detached using Trypsin EDTA and
seeded on Geltrex LDEV-free matrix in the culture medium with
mNGF (200 ng/mL) and D-glucose (30 mM) for tube formation assay.
The control group was represented by the glucose vehicle (PBS). The
assay was blocked after 8 h, this being the time of maximum tube net
extension under the experimental conditions used.

RNA isolation and reverse transcription. Total RNA isolation was
performed using the RNeasy Micro kit (Qiagen, Milan, Italy) follow-
ing the manufacturer’s instructions. Total RNA was eluted in RNase-
free water, and the concentration was estimated through absorbance
values at 260, 280, and 320 nm (Nanodrop 2000 spectrophotometer;
Thermo Scientific). First-strand cDNAs were obtained using the
iScript cDNA Synthesis Kit (Bio-Rad), incubating samples at 42°C
for 30 min. An RNA sample with no reverse transcriptase enzyme in
the reaction mix was processed as a no-reverse transcription control
sample.

Semiquantitative real-time PCR and gel electrophoresis. Semi-
quantitative real-time PCR was performed using the CFX96 real-time
PCR system (Bio-Rad). The reactions were performed in a final
volume of 20 �L consisting of 1� SYBR Green qPCR master mix
(Bio-Rad) and 2 �M forward and reverse primers. To avoid possible
contamination of genomic DNA in isolated RNA, the no-reverse
transcriptase sample was processed in parallel with the others and
tested by real-time PCR for every pair of primers used. All primers
used were designed using Primer Blast software (NCBI) and synthe-
sized by Integrated DNA Technologies (Coralville, IA). The follow-
ing primer sequences were used: TrkA, forward: 5=-CCCCATCCCT-
GACACTAACA-3= and reverse: 5=-GCACAAGGAGCAGCGTAG-
AA-3=; p75, forward: 5=-ACCAGGGATGGTACTAGGGG-3=and
reverse: 5=-GTCCATGGCTCTGGTTCCTC-3=; GAPDH, forward:
5=-TCATCCCTGCCTCTACTG-3= and reverse: 5=-TGCTTCAC-
CACCTTCTTG-3= was used as a housekeeping gene for an internal
control. The thermal profile of the PCR reactions initially consisted of
a denaturation step (98°C, 3 min) and 40 cycles of amplification (95°C
for 10 s and 60°C for 60 s). At the end of the amplification cycles, the
melting curve of the amplified products was performed according to
the following temperature/time scheme: heating from 55 to 95°C with
a temperature increase of 0.5°C/s. Primer efficiency values for all
primers were 95–102%. Because of the high cycle quantification
values, the PCR products were detected by electrophoresis on 2%
agarose gel (Sigma Aldrich) and visualized with GelRed (Biotium)
staining under ultraviolet (UV) light (Bio-Rad). The correct PCR

products following amplification should have the following dimen-
sions: 175 base pairs (bp) for GAPDH, 131 bp for TrkA, and 77 bp for
p75. As a reference for the bands obtained on the gel, the 100-bp Plus
DNA Ladder (Thermo Fisher) was used.

Statistical analysis. Results were derived from triplicate cell ex-
periments, expressed as means � SE, and plotted on graphs. Statisti-
cal analyses were performed with Prism software (GraphPad), using
the Student’s t test to compare the two groups; one-way ANOVA
followed by Tukey’s multiple-comparisons test for dose-response
experiments; and two-way ANOVA followed by Dunnett’s multiple-
comparisons test for time- and treatment-response experiments (see
RESULTS and key to Figs. 1–6 for details). Results were considered
significant when the probability of their occurrence as a result of
chance alone was �5% (P � 0.05).

RESULTS

TrkA and p75 expression in BJ cells, HEKa cells, and
HUVECs. The three cell lines were first characterized to
evaluate the expression of specific markers, i.e., keratin and
laminin for keratinocytes, vimentin for fibroblasts, and VE-
cadherin and PECAM1 for HUVECs. The immunocytochem-
ical staining results are presented in Fig. 1, where Fig. 1A
shows laminin (red, Aa) and keratin (green, Ab) double staining
in the cytoplasm of keratinocytes; Fig. 1F shows the fibrillary
distribution of vimentin in the cytoplasm of fibroblasts; Fig. 1K
shows VE-cadherin (red, Ka) and PECAM1 (green, Kb) double
staining in HUVEC, which decorate the plasma membrane.

The presence of TrkA and p75 receptors was assessed by
immunocytochemistry in the basal condition and after mNGF
stimulation (100 ng/mL). Whereas the basal expression of both
TrkA and p75 proteins is quite low in all cell types [TrkA:
keratinocytes (Fig. 1B), fibroblasts (Fig. 1G) and HUVEC (Fig.
1L); p75: keratinocytes (Fig. 1D), fibroblasts (Fig. 1I), and
HUVEC (Fig. 1N)], exposure to NGF strongly increases TrkA
immunostaining in keratinocytes (Fig. 1C) and HUVECs (Fig.
1M), but not in fibroblasts (Fig. 1H), whereas p75 immuno-
staining increases in keratinocytes (Fig. 1E), fibroblasts (Fig.
1J), and in endothelial cells (Fig. 1O).

We also investigated the expression of TrkA and p75 in
basal conditions by real-time PCR and electrophoresis in aga-
rose gel (Fig. 1P). The mRNA of both receptors was detected
in all three cell types at their basal level, as confirmed by the
specific PCR products with the band size 131 bp for TrkA and
77 bp for the p75 receptor.

Effect of mNGF on HEKa cell, BJ cell, and HUVEC
proliferation. To evaluate the effect of mNGF on the prolifer-
ation of keratinocytes, fibroblasts, and HUVECs, cell cultures
were treated for 8 days with mNGF at three different concen-
trations (50, 100, and 200 ng/mL; Fig. 2A). By preliminary
experiments, we confirmed that mNGF is more powerful in
these cell types compared with rhNGF (Alomone). The
results in HEKa are reported in Fig. 2B, where representa-
tive micrographs of the cell system at 0 and 8 DIV of mNGF
exposure are also shown. mNGF induces a dose-dependent
increase in cell proliferation [2-way ANOVA, treatment
effect F(3,100) 	 83.30, P � 0.0001, time effect F(4,
00) 	 995.5, P � 0.0001], and the results of the post hoc
Dunnett’s multiple-comparison test are reported. The results in
BJ are reported in Fig. 2C, where representative micrographs
of the cell system at 0 and 8 DIV of mNGF exposure are also
shown. mNGF induces an increase in cell proliferation at
the highest dose only [2-way ANOVA, treatment effect
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F(3,39) 	 3.667, P 	 0.0202, time effect F(4,39) 	 47.29,
P � 0.0001], and the results of the post hoc Dunnett’s multi-
ple-comparison test are reported. The results in HUVEC are
reported in Fig. 2C, where representative micrographs of the
cell system at 0 and 8 DIV of NGF exposure are also shown.
mNGF induces a dose-dependent increase in cell proliferation
[2-way ANOVA, treatment effect F(12,32) 	 6.008, P 	
0.0202, time effect F(4,32) 	 632,4, P � 0.0001], and the
results of the post hoc Dunnett’s multiple-comparison test are
reported. To further explore the NGF effect on HUVEC, we
evaluated the tube formation assay by treating cells seeded on
Geltrex overnight with mNGF at three different concentrations
(50, 100, and 200 ng/mL). The results are reported in Fig. 2D,
where representative micrographs of the cell system at 0 and 8
h of mNGF exposure are also shown. mNGF induces a dose-
dependent increase in the number of segments [2-way

ANOVA, treatment effect F(3,96) 	 60.15, P � 0.0001, time
effect F(2,96) 	 254.9, P � 0.0001], and the results of the post
hoc Dunnett’s multiple-comparison test are reported. Similar
effects are also observed in the other parameters of the angio-
genesis assay (mashes, no. of junctions, no. of nodes, no. of
branches; data not shown).

In the same experimental conditions, we also evaluated the
effect of NGF exposure on the expression of the cell cycle-
associated marker MCM2. The immunocytochemical staining
is presented in Fig. 3, where results for Hoechst (blue, A–F)
and MCM2 positivity (red, G–L) in all cell lines are shown.
The effect of NGF on proliferation was expressed as a per-
centage of MCM2-IR versus Hoechst-positive cells, and results
are reported in Fig. 3, Q (keratinocytes), R (fibroblast), and S
(HUVEC), respectively. NGF exposure increases the number
of MCM2-positive cells in keratinocytes (unpaired t test, P 	
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Fig. 1. Normal adult human primary epidermal keratinocyte cell (HEKa, A–E), human skin fibroblast cell (BJ, F–J), and human umbilical vein endothelial cell
(HUVEC, K–O) characterization. A: laminin (red, Aa) and keratin (green, Ab) double staining; F: vimentin; K: VE-cadherin (red, Ka) and platelet/endothelial
cell adhesion molecule-1 (PECAM1, green, Kb) double staining. The expression of tropomyosin receptor kinase A (TrkA) and p75 in basal conditions is shown
in B and D (HEKa), G and I (BJ), and L and N (HUVEC), whereas after nerve growth factor (NGF) exposure is shown in C and E (HEKa), H and J (BJ), and
M and O (HUVEC), respectively. IR, immunoreactive. P: PCR products with band size 131 bp for TrkA and 77 bp for neurotrophin low-affinity receptor (p75).
mNGF, mouse NGF. Bar 	 50 �m.
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0.0128) and HUVEC (unpaired t test, P 	 0.0311) but is
ineffective in fibroblasts.

Effect of mNGF on wound healing assay. To evaluate the
effect of mNGF on cell migration, keratinocytes and fibroblasts
were tested in the in vitro wound healing assay, after treatment
with increasing concentrations of this factor (50, 100, and 200
ng/mL) overnight at 7 DIV for keratinocytes (Fig. 4A) and at 2
DIV for fibroblasts (Fig. 4B). The test was performed the day
after this treatment, measuring the percent of closure 8–10 h
after the scratch was made [HEK (Fig. 5C) and BJ (Fig. 4D)
cells]. As a control, a mNGF neutralization experiment was
carried out on both cell lines, using the culture medium
enriched with 200 ng/mL mNGF preincubated overnight with
10 �g/mL anti-mNGF antibody. The results are presented in
Fig. 4, C (keratinocytes) and D (fibroblasts), where represen-

tative micrographs of the control and mNGF-treated cultures
are also shown. The statistical analysis was performed by
one-way ANOVA for the mNGF effect, with the vehicle-
treated culture as the control group (Dunnett’s post hoc test,
P � 0.05 and P � 0.0001), and by Student’s t test for the
anti-NGF Ab group, compared with 200 mg/mL NGF (P �
0.05 and P � 0.0001). mNGF promotes wound closure by
HEKa cells in a dose-dependent manner, and this effect abol-
ishes NGF neutralization. In contrast, a very small nonsignif-
icant effect on BJ wound closure is observed, although NGF
neutralization reduces wound closure.

Effect of mNGF on wound healing and tube formation assay
performed in hyperglycemic medium. Because diabetes is a
pathological condition that significantly impairs the wound
healing process, we wanted to evaluate the effect of in vitro
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hyperglycemia on cell keratinocyte and fibroblast migration
(Fig. 5) and on tube formation by endothelial cells (angiogen-
esis assay; Fig. 6). We first performed the in vitro wound assay
by culturing HEKa and BJ cells in the presence of increasing
D-glucose concentrations for 24 h (HEKa) and for 2 days (BJ).
The experimental schedule is shown in Fig. 5, A (HEKa) and
B (BJ), and the results are reported in Fig. 5, D (HEKa) and E
(BJ), where representative micrographs of HEK cells in differ-
ent experimental conditions are shown (Fig. 5C). The statistical
analysis was performed by one-way ANOVA for the mNGF
effect, with the vehicle-treated culture as the control group
(Dunnett’s post hoc test, P � 0.05). We observed a dose-
dependent decrease of the percent of wound closure in HEKa
cells while hyperglycemia does not affect wound closure in BJ
cells. In addition, the angiogenesis performed with HUVECs is
significantly modified by culturing cells in hyperglycemia
during both the gelatin and Geltrex seeding, as indicated by the
strong decrease in the number of master junctions and seg-

ments (P � 0.0001; Fig. 5). We then explored the mNGF effect
on this impairment by adding 200 ng/mL mNGF to the hyper-
glycemia medium. We observed that mNGF reverts the migra-
tion impairment observed in HEKa keratinocytes (Student’s t
test for the respective D-glucose concentration, P � 0.05; Fig.
5D). In BJ fibroblasts, an increase in wound closure was observed
at the highest D-glucose concentration (Student’s t test for the
respective D-glucose concentration, P � 0.01; Fig. 5E).

The results of the HUVEC angiogenesis assay are shown in
Fig. 6, E and G, where the time-dependent increase of two
main parameters of the analysis, i.e., the number of master
junctions and of the master segments, is presented. mNGF
completely reverts the impairment in the angiogenesis assay
produced by culturing HUVECs in a hyperglycemic medium
[2-way ANOVA, master junction: treatment effect F(3,101) 	
169.5, P � 0.0001, time effect F(2,101) 	 127.1, P � 0.0001;
master segments: F(3,108) 	 175.2, P � 0.0001, time effect
F(2,108) 	 264.9, P � 0.0001].
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DISCUSSION

Wound healing in epithelial tissues is a complex process that
involves many resident and migrating cells in a well-orches-
trated temporal sequence. An impairment in this process may
lead to chronic lesions, such as chronic skin or corneal ulcers,
compromising tissue and organ function and leading to severe
chronic disabilities. Wound healing is largely dependent on
endogenous regenerative capability, with respect to which the
large family of growth and trophic factors plays a major role.
Over the last few years, a role of NGF in epithelial wound
healing has emerged (8), and the first rhNGF drug has been
approved by the FDA for rare neurotrophic keratitis. However,

the cellular and molecular targets of the NGF prohealing
effects are not completely understood. In this study, we then
explored, in in vitro simplified systems, the effect of mNGF on
the main cellular processes, i.e., cell proliferation and migra-
tion, of keratinocytes, fibroblasts, and endothelial cells (see
Table 1 for a summary of the results). Keratinocytes are
responsible for re-epithelization, fibroblasts for extracellular
matrix deposition, and endothelial cells for neoangiogenesis
(45), in a continuous cellular and molecular cross talk that
finally leads to epithelial tissue repair.

The first cell type we investigated were keratinocytes, using
the HEKa cell line, one of the most widely used cell lines, both
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Table 1. Summary of the mNGF effects on the cell lines included in this study

Control Medium Hyperglycemic Medium

Proliferation Migration (Scratch assay) Angiogenesis (Tube formation assay) Migration (Scratch assay) Angiogenesis (Tube formation assay)

HEK 1 1 1
BJ 1 	 	 1 	
HUVEC 1 1 1

mNGF, mouse nerve growth factor; HEK, normal human primary epidermal keratinocyte cells; BJ, human skin fibroblast cells; HUVEC, human umbilical vein
endothelial cells; 1, increase; 	 , no changes.
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in research and for drug approval (10). HEKa cells express
TrkA high-affinity and p75 low-affinity receptors, as already
described in isolated primary keratinocytes, where they in-
crease during the exponential growth phase (9), as well as in
the basal layer of the epidermis, where proliferating cells
reside (40), an effect mediated by TrkA. In fact, inhibition
of TrkA phosphorylation reduces the proliferation of kera-
tinocytes in culture (40), and TrkA inhibition reduces the
expression of pAkt/Akt and pERK/ERK1/2, thus reducing
cellular proliferation (58). Moreover, TrkA and p75 are
widely expressed in cells in the soft tissues of the human
oral cavity, including keratinocytes, endothelial cells, fibro-
blasts, and leukocytes, and in ductal and acinar cells of all
types of salivary glands (46).

We observed that HEKa cells strongly respond, in a dose-
responsive manner, to NGF exposure by increasing prolifera-
tion and migration in the wound assay. Normal human kera-
tinocytes synthesize and release high amounts of biologically
active NGF, considered a key player of an autocrine loop,
acting as a mitogen and survival factor for human keratino-
cytes, as indicated by the protection against UV-induced apo-
ptosis (27). NGF released from keratinocytes also exerts para-
crine functions on human melanocytes by stimulating their
dendricity and protecting them from cell death (55). NGF is
also a crucial neurotrophic molecule for skin innervation (16,
33), and the overall aforementioned findings strongly suggest
that NGF should be regarded as an important growth factor in
both intact and diseased epidermis (48).

The second type of cells included in this study is dermal
fibroblasts, through the BJ cell line, also widely used for drug
screening (11). Dermal fibroblasts play a crucial role in the
wound healing process, being attracted from the edge of the
wound, releasing various chemokines at the inflammation
stage, and secreting a large number of extracellular matrix
proteins, mainly collagen. Results from our study indicate that
BJ dermal fibroblasts, although they express high-affinity
NGF receptors, are poorly regulated by exogenous NGF
administration in terms of proliferation and migration in the
absence of other stimuli. Interestingly, several reports sug-
gest that, in inflammatory/immune conditions, such as al-
lergic inflammation (31) or articular inflammation (37, 52),
fibroblasts are one of the sources and targets of NGF via the
TrkA receptor.

Finally, we investigated the effect of NGF on HUVECs, the
pivot cell for in vitro angiogenesis assays, confirming the
expression of both TrkA and p75 already demonstrated by
RT-PCR analysis, Western blotting (6), and immunocytochem-
istry (41). We observed a substantial proangiogenic effect of
mNGF in the 3D environment, thus confirming the stimulating
effect of NGF on the proliferation of HUVEC, also described
in human choroidal endothelial cells (50) and human dermal
microvascular endothelial cells (42). Consistent in vivo evi-
dence also supports an angiogenic effect of NGF in different
tissues and conditions, such as in deafferented peripheral
sympathetic ganglia (5), the chorioallantoic membrane of the
chicken embryo (50), gastric mucosal injury (1), ischemic
brain (19), and rat retina (54).

Wound healing is impaired in various pathological condi-
tions, and diabetes is probably the most widespread medical
condition leading to chronic pathologies characterized by de-
fective endogenous regeneration, chronic skin ulcers in the

condition known as “diabetic foot,” representing a severe and
still unmet medical need (17). Several lines of evidence con-
verge in indicating NGF as a major player in the wound healing
process in diabetes (53). In vivo studies indicate that an NGF
defect compromises tendon healing (2); different treatments
that increase endogenous NGF availability promote wound
healing (35, 39, 44), whereas topical NGF application in
different skin wound models in diabetic rodents promotes
and accelerates healing (13, 28, 34), as observed in humans
also (12).

We then explored the effect of NGF on the proliferation and
migration of keratinocytes, fibroblasts, and endothelial cells in
hyperglycemia (20, 25). The migration and tube formation of
keratinocytes and HUVECs significantly decrease in high-D-
glucose concentration while fibroblasts are unaffected. The
effects of a high-glucose environment on the physiological
function of keratinocytes, including impaired proliferation and
migration, are well known (15), and in vitro studies also
describe the effects of high glucose concentration on the
growth and survival of various types of endothelial cells,
including HUVECs (30, 56). We demonstrated that the hyper-
glycemia-induced defects are completely reverted by the con-
comitant presence of NGF in the culture medium, which
restores and even improves the proliferative capability of
HEKa cells and tube formation by HUVECs compared with
normoglycemia.

Our experiments do not currently include molecular end
points useful for exploring the molecular mechanism by which
NGF exerts the observed effects, either directly or interacting
with other growth factors and hormones present in the culture
medium, in particular in reversing high-glucose impairment of
proliferation and tube formation. However, several hypotheses
can be suggested. For example, NGF and its high-affinity
receptor TrkA promote cell survival and proliferation by acti-
vating the signaling pathways of extracellular signal-regulated
kinase (ERK), phosphatidylinositide 3-kinase (PI3K)/AKT1,
and p38 mitogen-activated protein kinase (26, 41) in a time-
dependent and dose-dependent manner (14). The ERK signal-
ing pathway activates HUVEC proliferation (49), whereas the
inhibition of endothelial cell proliferation by a high glucose
concentration also involves ERK1/2 pathways (7). Moreover,
recent studies show that NGF functions as an indirect activator
of angiogenesis by inducing specific molecules, such as
vascular endothelial growth factor (VEGF; see Refs. 5, 23,
47, and 57).

In conclusion, by using HEKa cells, BJ cells, and HUVECs,
we identified keratinocytes and endothelial cells as NGF-
sensitive cells, whereas fibroblasts do not directly respond to
NGF stimulation. Moreover, we also demonstrated that NGF is
able to repair the defects of keratinocyte proliferation and
endothelial cell tube formation induced by a high-glucose
microenvironment. These results strongly support the view of
NGF as a pleiotropic molecule, also providing a further ratio-
nale for the therapeutic use of NGF in epithelial tissue wound
care.
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