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Growth factors are signaling molecules that are typically
secreted at the site of repair by many different cell types
including platelets, stem cells, and fibroblasts. Since Montalcini and Hamburger first described the nerve growth factor
(NGF) in 1951, this epoch-making discovery has initiated the
detection of a multitude of other growth factors that alter
cell growth, cell differentiation, and proliferation, which is
essential for wound healing and tissue repair and regeneration. Several growth factors such as fibroblast growth factor
(FGF), epidermal growth factor (EGF), and nerve growth
factor (NGF) play a key role in brain or spinal cord injury
and acute organ injuries. Vascular endothelial growth factor
(VEGF) increases vascular permeability, induces angiogenesis, vasculogenesis, which is applied in treatment of ischemic
heart disease.
Treatment with growth factors is beginning to gain worldwide prevalence, mainly in plastic and reconstructive surgery.
However, the molecular mechanisms of growth factors treatment are still undefined. Thus, further investigations on
mechanisms of growth factors in basic and clinical research
are urgent. Therefore, we have invited the researchers to
contribute few research/review papers to provide evidence
that supports the application of growth factor in prevention
or treatment of diseases.
In this special issue, we have invited some papers hoping
to shed light on some aspects of this very interesting field.
We have collected 8 papers by scientists from 4 countries.
In the submitted research papers, H. Wang et al. summarize
the current understanding of the NGF signaling in retina and
the therapeutic implications in the treatment of glaucoma.

NGF offers the promise of actually restoring visual function
through acting on the TrkA receptor; however, the future of
NGF-dependent treatments in the armamentarium of glaucoma therapy as most of the present studies were in animal
models, hence, randomized, controlled glaucoma clinical
trials need to be performed to evaluate the therapeutic effect
of NGF in the treatment of glaucoma. While M. Ammendola
et al. review antitumor and antiangiogenic potential of three
agents which are able to inhibit the functions of mast cells
(MCs) tryptase: gabexate mesylate, nafamostat mesylate, and
tranilast, the authors suggest that future awaited clinical
studies aim to evaluate the truly efficacy of the tryptase
inhibitors as a novel tumor antiangiogenic therapy. J. Cai et
al. concluded the neuroprotective efficacy of neurotrophins
(NTs) (NGF, BDNF, FGF-2, IGF, NT3, and NT4/5) in animal
models, highlighted outstanding technical challenges, and
discussed more recent attempts to harness the neuroprotective capacity of endogenous NTs using small molecule
inducers and cell transplantation. On the other hand, J.-C.
Chen and colleagues demonstrated that NGF exist multiple
bioactivity except for the neuronprotective activity. They
found NGF accelerates the healing of skin excisional wounds
in rats and the fibroblast migration induced by NGF may
contribute to this healing process; moreover, the activation
of PI3K/Akt, Rac1, JNK, and ERK may be involved in the
regulation of NGF-induced fibroblast migration. In two very
interesting research papers, Z.-G. Feng et al. have shown that
tobacco plants express Keratinocyte Growth Factor (KGF1)
via Agrobacterium-mediated transformation using a Potato
virus X- (PVX-) based vector (pgR107). The plant-derived
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KGF1 promotes the proliferation of NIH/3T3 cells and significantly stimulates wound healing in the diabetic wounded rat
model. This finding indicated that KGF1 from tobacco maintains its biological activity, implying prospective industrial
production in a plant bioreactor. While X.S Wang suggested
endoplasmic reticulum (ER) stress is the key mechanism
for regulating FGF21 in several metabolic diseases. This
study showed FGF21 is the target gene for activating transcription factor 4 (ATF4) and CCAAT enhancer binding
protein homologous protein (CHOP). ER stress increased
the half-life of mRNA of FGF21, which may partly explain
the mechanism of increasing FGF21 levels in metabolism
disease. In the following papers, H. Nawa et al. discussed
neuregulin-1 (NGR1) and EGF to rodent pups, juveniles, and
adults and characterized neurobiological and behavioral consequences. The cytokine-driven dopaminergic dysfunction
might illustrate some of the psychopathological features of
schizophrenia, although it is possible that the responsible
factors might be other cytokines other than EGF, NRG1,
or virokine. L.-J. Xiang ea al. investigated the hair growth
promoting activities of three approved growth factor drugs,
FGF-10, FGF-1, and FGF-2. They observed that FGFs promoted hair growth by inducing the anagen phase in telogenic
C57BL/6 mice. FGFs-treated group showed earlier induction
of 𝛽-catenin and Sonic hedgehog (Shh) in hair follicles,
suggesting that FGFs promotes hair growth by inducing
the anagen phase in resting hair follicles and might be a
potential hair growth-promoting agent. Finally, J. Song et al.
summarized the recent findings on the association between
risk factors for vascular dementia and adiponectin including
aging, diabetes, hypertension, atherosclerosis, and stroke.
The authors suggested that further studies are necessary to
examine the role of adiponectin in vascular dementia, and the
regulation of adiponectin levels and receptors of adiponectin
would be important for the prevention and treatment of
vascular dementia.
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Growth factors are involved in the regulation of hair morphogenesis and cycle hair growth. The present study sought to investigate
the hair growth promoting activities of three approved growth factor drugs, fibroblast growth factor 10 (FGF-10), acidic fibroblast
growth factor (FGF-1), and basic fibroblast growth factor (FGF-2), and the mechanism of action. We observed that FGFs promoted
hair growth by inducing the anagen phase in telogenic C57BL/6 mice. Specifically, the histomorphometric analysis data indicates
that topical application of FGFs induced an earlier anagen phase and prolonged the mature anagen phase, in contrast to the control
group. Moreover, the immunohistochemical analysis reveals earlier induction of 𝛽-catenin and Sonic hedgehog (Shh) in hair
follicles of the FGFs-treated group. These results suggest that FGFs promote hair growth by inducing the anagen phase in resting
hair follicles and might be a potential hair growth-promoting agent.

1. Introduction
Hair is considered accessory structure of the integument
along with sebaceous glands, sweat glands, and nails. Hair
follicle morphogenesis requires the intricately controlled
regulation of apoptosis, proliferation, and differentiation.
Hair follicles are miniorgans that, during postnatal life,
cycle through periods of anagen (growth phase), catagen
(regression phase), and telogen (resting phase) [1, 2]. Hair
loss is generally not a life-threatening event, but the number
of patients suffering from it has increased dramatically.
Meanwhile, hair loss takes impact on social interactions and
patients’ psychological well beings. To date, there are only two
anti-hair loss drugs, finasteride and minoxidil, which have
been used in clinical, but the effect of these drugs is limited,

transient, and somewhat unpredictable [3]. Therefore, it is
urgent to develop novel pharmacological treatments.
Various cytokines and growth factors are involved in
the regulation of hair morphogenesis and cycle hair growth.
The fibroblast growth factor (FGF) family is composed of 22
members with a wide range of biological functions involved
in angiogenesis, embryonic development, cell growth, and
tissue repair [4, 5]. The early literature reported that acidic
fibroblast growth factor (aFGF or FGF-1) and basic fibroblast
growth factor (bFGF or FGF-2) may affect the growth of
hair follicles, but people have different conclusion. D.C DL
demonstrated that exogenous FGF-1 and FGF-2 interfere with
follicle morphogenesis and ultimately suppress the hair cycle
[6, 7]. On the other hand, Katsuoka et al. reported that FGF2 promotes papilla cell proliferation and the increase in the
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size of hair follicle in mice [8, 9]. The controlled release study
also showed that gelatin hydrogel enables FGF-2 to positively
act on the hair growth cycle of mice [10, 11]. Recent evidence
explored another FGF, named keratinocyte growth factor
2 (KGF-2 or FGF-10), which also significantly stimulated
human hair-follicle cell proliferation in organ culture [12].
Moreover, FGF-1 has been identified as a crucial endogenous
mediator of normal hair follicle growth, development, and
differentiation [13], but KGF is not required for wound
healing [14]. Therefore, it is necessary for enhanced in vivo
efficacy to contrive the administration form of FGF.
It should be noted that FGF-1, FGF-2, and FGF-10 have
been approved by SFDA for wound healing, and China is
the only country in the world for clinical application of these
drugs. Thus, the commercial growth factors were used in this
study, the hair growth promoting activity was scientifically
proven, and the mechanism of action was investigated.

2. Materials and Methods
2.1. Materials. The DAB chromogen kit (ZSGB-BIO, Beijing,
China) was purchased. Anti-𝛽-catenin (rabbit polyclonal
antibody, Abcam, UK), anti-FGF9 (rabbit polyclonal antibody, Abcam, UK), and anti-Shh (rabbit polyclonal antibody,
Santa Cruz Biotech, Santa Cruz, CA, USA) antibodies were
purchased. Hematoxylin (Beyotime Institute of Biotechnology, China) and eosin (Beyotime Institute of Biotechnology,
China) were purchased. FGF-1 (Shanghai Wanxing Co.),
FGF-2 (Zhuhai Essexbio Co.), and FGF-10 (Anhui Xinhuakun Co.) were applied to the experimental group. The
concentration of FGFs was diluted at 500 𝜇g/mL.
2.2. Experimental Animals. Healthy C57BL6/N mice (6week-old, 15 mice per group) were obtained from Laboratory Animals Center of Wenzhou Medical University.
All animals were from the Laboratory Animals Center of
Wenzhou Medical University and were treated strictly in
accordance with international ethical guidelines and the
National Institutes of Health Guide concerning the Care and
Use of Laboratory Animals. The experiments were carried
out with the approval of the Animal Experimentation Ethics
Committee of Wenzhou Medical University. Temperature
(23 ± 2∘ C), humidity (35–60%), and photoperiod (12 h light
and 12 h darkness cycle) were kept constant.
2.3. Experimental Studies with FGFs. 60 animals in 4 randomized groups (𝑛 = 15) were used for the study of hair
promoting activity. All animals were shaved using depilatory
cream (Veet, USA) at 6 weeks of age, at which all hair follicles
were synchronized in the telogen stage. FGF-10, FGF-1, FGF2 (all 500 𝜇g/mL dissolved in 10 𝜇L normal saline, 5 𝜇g/12 cm2
per mouse), or vehicle (100 𝜇L normal saline) was applied
topically on dorsal skin of C57BL/6N mice with subcutaneous
injection for 14 d. At every 1, 7, 14, and 28 d, three mice of each
group were sacrificed to obtain skin specimen. Visible hair
growth was recorded at every 1, 7, 14, and 28 d.
2.4. Histological Studies. Dorsal skin was excised after topical
application with FGFs at the indicated time points. Dorsal
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skin was maintained in 4% paraformaldehyde at 4∘ C and
embedded in paraffin blocks to obtain longitudinal and
transverse section. 5 mm sections were stained with hematoxylin and eosin (H&E). The other skin was stored at −80∘ C
for protein extraction. Digital photomicrographs were taken
from representative areas at a fixed magnification of 100x.
2.5. Hair Follicle Count. The H&E stained slides were photographed using a digital photomicrograph and all of the
images were cropped in a fixed area of 300 pixels width. We
counted hair follicles manually in a fixed area (0.09 mm2 ).
Digital photomicrographs were taken from representative
areas at a fixed magnification of 100x.
2.6. Hair Length Determination. Hairs were plucked randomly from shaved dorsal area at 1, 7, 14, 21, and 28 days. After
plucking 20 hairs per mouse, we measured the average hair
length manually.
2.7. Immunohistochemistry. Dorsal skins were stained with
anti-𝛽-catenin and Sonic hedgehog (Shh) antibodies. Sections were dewaxed and hydrated. To quench endogenous
peroxidase activity, deparaffinized sections were pretreated
with 3% peroxidase for 10 min. After washing with PBS, the
sections were incubated with serum to block nonspecific
binding of biotinylated secondary antibody for 30 min and
then incubated with anti-𝛽-catenin (1 : 200) and Shh (1 : 500)
antibodies overnight at 4∘ C. Slides were incubated with
biotinylated secondary antibody for 30 min. After incubating
with HRP-streptavidin complex to detect secondary antibody
for 30 min, slides were developed until light brown staining
was visible with DAB chromogen kit. The immunopositivity
in fields was counted for per sections using Image-Pro Plus
software (Nikon, Tokyo, Japan).
2.8. Statistical Analysis. Results are expressed as mean ± SD.
Statistical significance was determined with Student’s 𝑡-test
when there were two experimental groups. For more than
two groups, statistical evaluation of the data was performed
using One-way Analysis-of-variance (ANOVA) test, followed
by Dunnett’s post hoc test with the values 𝑃 < 0.05 considered
significant.

3. Results
3.1. The Effect of FGFs on Hair Growth. The black pigmentation was taken as evidence for transition of hair follicles
from telogen to anagen phase. To evaluate the hair growth
activity of FGFs, we topically applied FGF-1, FGF-2, and
FGF-10 on the shaved dorsal skin of telogenic C57BL/6
mice for 14 d. Each week, we evaluated the degree of hair
growth by observing the skin color. At 2 weeks, three FGFs
induced black coloration in the shaved skin of C57BL/6
mice significantly; FGF-10 group showed the most black
coloration, while very less visible hair growth and black
coloration were observed in control group (Figure 1(a)). At
3 weeks, the FGFs group showed markedly hair growth, and
FGF-10 stimulated hair growth over 1/2 area on the shaved
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Figure 1: Hair growth promoting effect of FGFs. (a) 6-week-old C57BL6/N mice were shaved and topically applied with vehicle, FGF-1, FGF-2,
and FGF-10. Photographs were taken every week after applying FGFs or vehicle on the shaved dorsal skin. (b) Hair length was measured after
topical application of FGFs. The hair length of randomly plucked hairs (𝑛 = 10) was measured at 14, 21, and 28 days after topical application
of FGFs. Data shown represent means ± S.D, ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01 versus control group.

dorsal skin. At 4 weeks, we observed that hair growth from
FGF-1 and FGF-2 was confined to the proximal parts of
epidermis; FGF-10 treated group showed overall hair growth
which was not confined to the proximal parts. However, the
control group only showed less hair growth (Figure 1(a)). To
confirm whether FGFs promoted hair growth, we measured
the length of 10 hairs plucked from the dorsal skin of each
mouse at 2, 3, and 4 weeks. Since visible hair shaft was
observed after 2 weeks, we measured length of 2-, 3-, and 4week-old hairs. As shown in Figure 1(b), the length of hairs
in FGF-10, FGF-1, and FGF-2 treated group was remarkably
longer than that of control group, and FGF-10 exists with the
strongest activity of hair growth. Taken together, these results
indicated commercialized drugs, FGF-10, FGF-1, and FGF2, promote hair growth and FGF-10 appears with the highest
efficiency in the three protein drugs.

3.2. Effect of FGFs on Hair Follicle Number. It has reported
increasing in the number and the size of hair follicles during
anagen phase induction [15]. An increase in the density of
hair follicles is an indicator for the transition of hair growth
from the telogen to anagen phases [16, 17]. To investigate the
progression of hair follicles in the hair cycle, HE staining was
performed. In the representative longitudinal and transverse
sections, the hair follicles in FGF-10, FGF-1, and FGF-2
treated group appeared earlier than those in the control
group (Figures 2(a) and 2(b)). Meanwhile, the number of
hair follicles of the relative area in FGFs treated group
was higher than in the control group, consistent with the
above results, and topical application of FGF-10 showed the
maximum amount of hair follicles as compared to FGF-1 and
FGF-2 group (Figure 2(c)). These data suggested that FGFs
including FGF-10, FGF-1, and FGF-2 stimulate hair growth
by inducing anagen phase of hair follicles.
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Figure 2: Continued.
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Figure 2: The effect of FGFs on the hair follicles was analyzed by H&E staining. (a) Longitudinal sections of the dorsal skins. (b) Transverse
sections of the dorsal skins. (c) The number of hair follicles in deep subcutis. Data shown represent means ± S.D, ∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01 versus
control group.

3.3. FGFs Induced the Expression of 𝛽-Catenin and Sonic
hedgehog (Shh). Evidence showed that 𝛽-catenin induced the
transition of the hair growth cycle from the telogen to anagen
phases [18, 19]. To elucidate the mechanism of the early
events of anagen induction by FGFs, immunohistochemistry
analysis was performed to detect the expression of 𝛽-catenin.
We observed that 𝛽-catenin protein expression appears in
FGF-10, FGF-1, and FGF-2 at 1 week, and the levels of 𝛽catenin were higher in FGFs group than in control group
at 2 weeks (Figure 3). It should be noted that, at 3 weeks,
the expression of 𝛽-catenin was remarkable in control group,
while it is decreased in FGF-10 group compared to the
appearance at 2 weeks. At 4 weeks, only the control group
showed significant expression of 𝛽-catenin.
The secreted signaling molecule Sonic hedgehog (Shh)
plays an important role in both embryonic and adult hair
development. In adult mice, Shh expression is upregulated in
early anagen, and ectopic application of Shh can prematurely
induce anagen in resting telogen follicles [20]. Immunohistochemical analysis result showed that Shh expression was
upregulated in FGF-10, FGF-1, and FGF-2 treated group
compared to that in control group at 2 weeks (Figure 4).
Taking together, these data indicated that the three FGFs
drugs promote hair growth partly through upregulating 𝛽catenin and Shh.

4. Discussion
Hair loss disorders are not life-threatening, but it may make
afflicte the people vulnerable and lower their quality of life
[21]. The estimated annual market value for hair growth
promoting agents is multibillion dollars in the all world.
Minoxidil is a widely used hair growth promoting drug for
androgenic alopecia patients by inducing hair follicles in the
telogen stage to undergo transition into the anagen stages

[22]; however, it would also cause adverse dermatological
effects, such as dryness, scaling, local irritation, and dermatitis [23, 24]. Finasteride has been reported to be efficacious
for androgenic alopecia patients, but it is not recommended
for female patients [25]. Therefore, developing new drugs for
promoting hair growth is urgently.
Several growth factors (e.g., FGF-1, FGF-2, FGF-7, FGF10, IGF-1, IGF-2, and EGF) can promote cell cycle and
proliferation and have the potential to rescue hair loss and
facilitate hair cell regeneration in vivo and in vitro. It has been
shown that EGF and transforming growth factor-𝛼 (TGF-𝛼)
are contributed to hair cell proliferation and regeneration in
avian utricles [26]. Regeneration of lost hair cells has also
been found in rat utricular after treatment with FGF-2 and
IGF-1 [27]. KGF protects hair follicles from cell death induced
by UV irradiation, chemotherapeutic, or cytotoxic agents
[28]. EGF, FGF-1, or FGF-2 maintains high proliferation and
multipotent potential of human hair follicle-derived mesenchymal stem cells [29]. All of this literature demonstrated
that growth factors may be potential for treating hair loss.
Therefore, we searched all of the growth factors which proved
by SFDA (China) and we found that FGF-1, FGF-2, and KGF
have been applicated in clinical for wound healing, so we
purchased these three drugs and investigated the hair growth
promoting activity in vivo.
C57BL/6 mice are useful models for screening hair
growth promoting agents, as their truncal pigmentation is
dependent on their follicular melanocytes, producing pigment only during anagen [30]. The shaved back skins of
C57BL6/N were treated with topical application of FGFs
for 1, 2, 3, and 4 weeks. At 2 weeks, FGF-1, FGF-2, and
FGF-10 induced hair growth in the telogenic C57BL/6 mice,
while no less visible hair growth was observed in the control
group. To further investigate the hair growth promoting
effect, we plucked 10 hairs per mouse randomly from the
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Figure 3: The expression of 𝛽-catenin after topical application of FGFs. Longitudinal sections of the dorsal skins from each group were
stained for 𝛽-catenin by immunohistochemistry (brown staining). Digital photomicrographs were taken from representative areas at a fixed
magnification of 100x.

treated area and measured the hair length. The hair length
of FGFs treated mice was significantly longer than that of
control group. Although FGF-2 is one of the most wellknown mitogenic cytokine, interestingly, FGF-2 is not the
strongest mitogenic cytokine for hair growth and FGF-10
exerts more potential hair growth promoting effect than FGF1 and FGF-2. As we know, hair-follicle morphogenesis is
governed by epithelial-mesenchymal interactions, between
hair placode keratinocytes and fibroblasts of underlying
mesenchymal condensations [31]. FGF-10 is found in the
dermal papilla fibroblasts and its receptor FGFR2IIIb is found
in the neighboring outer root sheath of the keratinocytes
[32], suggesting that FGF-10 is a mesenchymally derived
stimulator of hair-follicle cells, which contribute to the hair
promoting activity.
The Wnt/𝛽-catenin pathway plays an important role in
the initiation, development, and growth of hair follicles. The
transient activation of 𝛽-catenin results in hair regrowth in
mice, while ablation of 𝛽-catenin results in dramatic hair
shortening and abnormal regeneration of hair in the dermal
papilla of mouse hair follicles [19, 33]. The levels of 𝛽-catenin
in the dermal papilla are high in the anagen phase but low

in the catagen and the telogen phases [18, 34]. Furthermore,
the interaction between 𝛽-catenin, androgen receptors, and
keratinocyte growth inhibition through modification of Wnt
signaling contributes to androgenic alopecia, a common form
of hair loss [35, 36]. Like 𝛽-catenin, Sonic hedgehog (Shh)
also plays a vital role in the morphogenesis of hair follicles and
acts as anagen-inducing signaling molecules. Mice lacking
Shh activity exhibits follicles arrested at the hair germ stage
of development [37, 38]. In the adult, Shh serves as a key
regulator to induce the transition from the resting (telogen)
to the growth stage (anagen) of the hair follicle cycle [20,
39]. Conversely, antibodies that block the activity of Shh are
able to prevent hair growth in adult mice [40]. To elucidate
the molecular mechanism underlying the ability of FGFs
to induce anagen hair follicles, we examined the protein
levels of 𝛽-catenin and Shh and in the shaved dorsal skin.
Our immunohistochemical analysis results showed that the
expression levels of 𝛽-catenin and Shh were upregulated in
FGF-10, FGF-1, and FGF-2 treated group compared to that
in the control group at 14 days. Its reported continuous 𝛽catenin signaling is required to maintain hair follicle tumors
[41]; we observed that Shh and 𝛽-catenin expression levels
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Figure 4: The expression of Shh after topical application of FGFs. Longitudinal sections of the dorsal skins from each group were stained for
Shh by immunohistochemistry (brown staining). Digital photomicrographs were taken from representative areas at a fixed magnification of
100x.

gradually began to reduce in both groups at 3 and 4 weeks,
indicating that anagen phase of hair follicles was ceased.
However, there is no doubt that the limitations of this
study still need further investigations and improvements. For
example, FGFs are not stable enough which is easy to be
degradated by various enzymes in vitro, resulting in the loss of
biological activity. So the combination with delivery systems
to increase its stability may contribute to the functions of
promoting hair growth. Moreover, mixtures of several growth
factors might to some extent promote cooperation between
growth factors and their receptors and contribute together
for the protection of hair cells in a sequencing manner or
at multiple steps. Further study also should consider the
hair growth effect and the mechanism of these FGFs during
wound healing. Nevertheless, the effect of FGF-1, FGF-2, and
FGF-10 in the therapy of hair loss is confirmative and feasible.
Collectively, our study demonstrated that the commercialized FGF drugs promoted hair growth by inducing anagen in telogenic C57BL6/N mice. FGFs showed significant
increase in the number and the size of hair follicles that is
considered evidence for anagen phase induction. Immunohistochemical analysis revealed that 𝛽-catenin and Shh were
expressed earlier in FGFs treated group than that in control

group. Taken together, these results strongly suggest that
FGF-1, FGF-2, and FGF-10 promote hair growth by inducing
anagen phase of hair follicles, which is beneficial for the
clinical therapy.
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Angiogenesis is a complex process finely regulated by the balance between angiogenesis stimulators and inhibitors. As a result
of proangiogenic factors overexpression, it plays a crucial role in cancer development. Although initially mast cells (MCs) role
has been defined in hypersensitivity reactions and in immunity, it has been discovered that MCs have a crucial interplay on the
regulatory function between inflammatory and tumor cells through the release of classical proangiogenic factors (e.g., vascular
endothelial growth factor) and nonclassical proangiogenic mediators granule-associated (mainly tryptase). In fact, in several
animal and human malignancies, MCs density is highly correlated with tumor angiogenesis. In particular, tryptase, an agonist
of the proteinase-activated receptor-2 (PAR-2), represents one of the most powerful angiogenic mediators released by human MCs
after c-Kit receptor activation. This protease, acting on PAR-2 by its proteolytic activity, has angiogenic activity stimulating both
human vascular endothelial and tumor cell proliferation in paracrine manner, helping tumor cell invasion and metastasis. Based
on literature data it is shown that tryptase may represent a promising target in cancer treatment due to its proangiogenic activity.
Here we focused on molecular mechanisms of three tryptase inhibitors (gabexate mesylate, nafamostat mesylate, and tranilast) in
order to consider their prospective role in cancer therapy.

1. Introduction
Angiogenesis is a complex process, mainly mediated by
endothelial cells, consisting in the formation of new blood
capillaries from existing vessels [1–4]. It is finely regulated by
the balance between several angiogenesis stimulators, such as
vascular endothelial growth factor (VEGF), fibroblast growth
factor-2 (FGF-2), platelet derived growth factor (PDGF),
angiopoietins, tryptase, and some angiogenesis inhibitors,
including thrombospondin, angiostatin, and endostatin [5–
11]. Angiogenesis, further than being involved in normal

physiological processes, has been demonstrated to play a
crucial role in cancer development inducing tumor growth,
invasion, and metastasis [12, 13].
Mast cells (MCs) intervene in tissue angiogenesis through
several classical proangiogenic factors such as VEGF, FGF-2,
PDGF, interleukin-6 (IL-6), and nonclassical proangiogenic
factors, such as tryptase and chymase, stored in their
secretory granules [14–18]. In fact, MCs density is highly correlated with the extent of tumor angiogenesis both in benign
tumors (e.g., in keloids) and in animal and human malignancies (systemic mastocytosis, head and neck, colorectal,
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lung, and cutaneous cancer) [19–24]. Tryptase and chymase
stimulate angiogenesis and the response is similar to that
obtained with VEGF [16]. This evidence confirms even more
the angiogenic activity of these two proteases stored in MCs
granules [16].

2. Role of Mast Cell Tryptase in
Angiogenesis and Tumor Growth
MCs are tissue leukocytes originating from hematopoietic
stem cells in bone marrow. Generally, these precursor cells
circulate in blood as agranular cells; then, MCs migrate
into different tissues completing their maturation into granulated cells under the influence of several microenvironmental growth factors. One of these crucial factors is the
stem cell factor (SCF), the ligand of c-Kit receptor (cKitR) secreted by fibroblasts and stromal and endothelial
cells. SCF is critically involved in MCs activation [25, 26].
MCs can be naturally found in association with connective
tissue structures (i.e., blood vessels, lymphatic vessels, and
nerves) and in the proximity of skin and mucosa of the
gastrointestinal, respiratory, and genitourinary tracts [27],
which represent common portals of infections [26, 28].
Accordingly, for many years, MCs have been implicated
in the pathogenesis of IgE-associated allergic reactions and
certain protective responses to parasites, bacteria, viruses,
and fungi [29–31]. However, increasing evidence suggests
the involvement of these cells in several biological settings,
such as inflammation, immunomodulation, angiogenesis,
wound healing, tissue remodeling, and cancer [17, 32–41].
Specifically, the multiple functions of MCs depend on their
capability to release panoply of biologically active products upon suitable immunological and nonimmunological
stimulation [42]. These mediators are either preformed in
their secretory granules (biogenic amines, neutral serine
proteases) or synthesized de novo (metabolites of arachidonic acid, cytokines) [43, 44]. MCs granules represent
key functional elements, whose content can be released by
two distinct secretory mechanisms: exocytosis (anaphylactic
degranulation) or piecemeal degranulation [25]. Interestingly,
the latter process is the most frequent secretory mechanism
observed in chronic inflammatory settings, such as cancer
[31, 45].
A possible causal relationship between MCs, chronic
inflammation, and cancer has long been suggested. Accordingly, as most tumors contain inflammatory cell infiltrates,
often including abundant MCs, the question about the possible contribution of MCs to tumor development has progressively been emerging [31, 39]. MCs have been recognized
as one of the earliest cell types to infiltrate many developing
tumors, particularly malignant melanoma and breast and
colorectal cancer (CRC) [8, 17, 21, 23, 40, 70, 71]. Ample
evidence highlights that MCs accumulate predominantly
around several types of tumors, at the boundary between
malignant and healthy tissues [8, 17]. In particular, these
cells are often strategically located in proximity of blood
vessels within the tumor microenvironment, suggesting an
early role of MCs in angiogenesis and tumor growth; in fact
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angiogenesis generates a new vascular supply that delivers
oxygen and nutrients to the rapidly proliferating malignant
tissue [25, 39, 72]. In agreement with this role, MCs are
an abundant source of potent proangiogenic factors, which
represent a major issue linking these cells to cancer [26, 73].
In many experimental tumor settings, MCs promote angiogenesis by releasing preformed mediators or by activating
proteolytic release of extracellular matrix-bound angiogenic
molecules [25, 32, 72]. In vitro studies have demonstrated that
MC granular components can induce vascularization [25].
Indeed, the addition of either human recombinant tryptase or
chymase is able to stimulate neovascularization in the chick
embryo chorioallantoic membrane assay (CAM) [32, 72].
Based on these results, treatment with cromolyn, an inhibitor
of MCs degranulation, has been shown to restrain expansion
and survival of pancreatic cancer and endothelial cells [15].
Tryptase and chymase are preformed active serine proteases and are stored in large amounts in MCs secretory
granules [74], whose angiogenic role has been established
[16, 75]. In particular, tryptase represents one of the most
powerful angiogenic mediators released by human MCs
upon c-KitR activation, and it may be angiogenic via several
mechanisms [24]. This protease directly stimulates human
vascular endothelial cell proliferation acting on proteaseactivated receptor-2 (PAR-2) by its proteolytic activity [24,
75, 76], leading to direct angiogenic effect (Figure 1). This
particular proliferative pathway has been showed by Yoshii
et al. [50] who have demonstrated that tryptase induces PAR2-mediated proliferative effects on a human colon carcinoma
cell line (DLD-1 cells) in a mitogen-activated protein kinase
(MAP) kinase- and cyclooxygenase- (COX-) dependent
manner. PAR-2 activation also leads to the release of IL-6
and granulocyte-macrophage colony stimulating factor (GMCSF), which, in turn, act as angiogenic factors [77]. The
important role of tryptase in neovascularization is also shown
by its ability to degrade connective tissue matrix in order
to provide rooms for neovascular growth. Tryptase may also
contribute indirectly to tissue neovascularization by activating latent matrix-metalloproteinases (MMPs) and plasminogen activator, which, in turn, degrade extracellular matrix
(ECM) with consequent release of ECM-bound angiogenic
factors, such as VEGF and FGF-2 [25, 26, 52]. The disruption
of local ECM leads also to release of SCF. Interestingly,
tumor-derived SCF has been recently implicated both in
MCs recruitment into the tumor environment as well as in
increased MCs release and production of VEGF and FGF-2
[78, 79].
With reference to the above-described mechanisms that
link tryptase to tumor angiogenesis and cancer progression,
several studies have reported a linear correlation between
mast cells density positive to tryptase (MCDPT) and angiogenesis in solid tumors, such as human malignant melanoma
[80, 81], endometrial carcinoma [41], breast cancer [8, 82],
uterine leiomyomas [83], gastric cancer [23, 24, 40], and CRC
[21, 84]. Regarding hematological tumors, angiogenesis has
been shown to increase with the MCDPT in B cell nonHodgkin’s lymphomas [85] as well as in the bone marrow of
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Figure 1: Tryptase, released after MCs activation of c-KitR/SCF-mediated, acting on PAR-2 by its proteolytic activity, has angiogenic activity
stimulating both human vascular endothelial and tumor cell proliferation in paracrine manner, helping tumor cell invasion and metastasis.
In cancer treatment, tryptase may represent a promising target by tryptase inhibitors (gabexate mesylate, nafamostat mesylate, tranilast)
due to their potential antiangiogenic activity. c-KitR, c-Kit receptor; PAR-2, proteinase-activated receptor-2; VEGFR, vascular endothelial
growth factor receptor; SCF, stem cell factor, VEGF, vascular endothelial growth factor; NHERF-1, Na+/H+ exchanger regulatory factor1; MEKK-1, mitogen-activated protein kinase/extracellular signal-related kinase-1; MEKK-4, mitogen-activated protein kinase/extracellular
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kinase-C; COX-2, cyclooxygenase-2; PGE2, prostaglandin E2; PGES-1, prostaglandin E synthase-1; PK-A, protein kinase-A.

patients with multiple myeloma, monoclonal gammopathies
of undetermined significance [86], myelodysplastic syndrome [87], and B-cell chronic lymphocytic leukemia [85]. In
the majority of studies, MCDPT correlates with angiogenesis,
tumor aggressiveness, and poor prognosis [25], even if some
human studies have demonstrated a correlation between high
mast cells density (MCD) and improved overall survival
[88–91], suggesting that MCs effects on tumor fate may
depend on some bias related to cancer (e.g., type of surgical
treatment with relative lymph node collection, histology,
stage tumor, small sample size) and different methods of MCs
evaluation (e.g., histochemistry with toluidine blue, Giemsa
stain, primary antibody antitryptase or antichymase for

immunohistochemistry, standardization of MCs count with
reference to magnification, MCs location, and microscopic
field of evaluation).
Overall, despite conflicting reports on the role of MCDand MCDPT-mediated angiogenesis in tumor development,
literature data indicate that tryptase may represent a promising target in adjuvant cancer treatment [25, 26], leading to
considering the therapeutic use of drugs which specifically
inhibit its angiogenic activity. Therefore, tryptase inhibitors,
such as gabexate mesylate and nafamostat mesylate [92–94],
might be evaluated in clinical trials as new antiangiogenic
agents in combination with chemotherapy in the treatment
of cancer.
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3. Potential Role of Mast Cells Tryptase
Inhibitors in Cancer
In the light of the aforementioned complex relationship
between MCs tryptase and angiogenesis in tumor development, we have described the possible molecular mechanisms
of three drugs targeting tryptase functions, such as gabexate
mesylate, nafamostat mesylate, and tranilast, in order to
discuss their prospective role in cancer therapy.
3.1. Gabexate Mesylate. Gabexate mesylate (GM) is a synthetic inhibitor of trypsin-like serine proteases [95–97] that
shows an antiproteinase activity on various kinds of plasma
proteases, such as thrombin, plasmin, trypsin, kallikrein, C1
esterase in the complement system, and factor Xa in the coagulation cascade. Accordingly, GM has been therapeutically
used for disseminated intravascular coagulation (DIC) and
acute pancreatitis [95] in Japan, Italy, Korea, and Taiwan.
In addition, several recent studies have reported that this
protease inhibitor exerts a significant antitumorigenic effect,
both in vitro and in vivo [46, 47, 94].
Proteolytic degradation of ECM components is a crucial
step for tumor cell invasion and metastasis. Among several
classes of degrading ECM proteinases, MMPs (MMP-2 and
MMP-9) and urokinase-type plasminogen activator (uPA)
have been closely associated with the metastatic phenotype
of cancer cells [98–102]. These enzymes are also implicated
in tumor angiogenesis [103]. Therefore, inhibitors of MMPs
and uPA are able to inhibit invasion and metastasis [104,
105] by reducing angiogenesis in vitro and in vivo [106–
109]. Furthermore, serine plasma proteases, such as thrombin
and plasmin, are closely associated with activation pathways
of certain MMPs (MMP-2, MMP-3, and MMP-9) [110, 111],
indicating that multispecific protease inhibitors could be
useful tools for an antimetastatic and antiangiogenic strategy.
Based on these findings, GM has been shown to inhibit
proliferation, invasion, and metastasis of human colon cancer
cell lines through the inhibition of both MMPs and uPAplasmin system, consequentially limiting angiogenesis [46].
Although the inhibition of the uPA system may be involved in
downregulation of MMP activity, the results of this study have
suggested that GM has a direct inhibitory effect on MMPs,
whose related-mechanism is unknown [46].
Interestingly, the inhibition of MMPs by GM and, in
general, its anti-invasive, antimetastatic, and antiangiogenic
properties could also be explained through its potent and
selective inhibition of human tryptase [92]. Indeed, as above
described, in the early stages of tumor development several
tumor-derived factors (i.e., SCF, adrenomedullin) recruit and
activate MCs in tumor microenvironment, leading to the
release of tryptase [25, 26], which, in turn, can indirectly
stimulate tumor angiogenesis by activating latent MMPs and
uPA [23, 24, 75]. Accordingly, Yoshii et al. [50] demonstrated the specific localization of MCDPT in the invasive
front of tumor tissues by examining 30 cases of human
colon adenocarcinoma. A previous study [49] has found the
proliferation of DLD-1 colon cancer cells expressing PAR2 in response to PAR-2 activating peptide (AP). Moreover,
tryptase also enhanced DLD-1 cell proliferation by means
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of a specific stimulation of PAR-2 via MAPK- and COXdependent manners. Furthermore, these proliferative effects
were concentration-dependently inhibited by nafamostat
mesylate, a very potent inhibitor of human tryptase [93, 112],
suggesting that PAR-2 activation was dependent on tryptase
proteolytic activity. In the same study, PAR-2 density in
tumor tissues was higher than that in the normal tissues, as
revealed by the immunohistochemical analysis. This suggests
that tryptase released by MCs surrounding tumor tissues
may induce the PAR-2-mediated proliferation of colon cancer
cells in a paracrine way [49]. Similarly, tryptase has been
reported to stimulate angiogenesis directly [75] via PAR-2
activation on vascular endothelial cells [24, 76]. Moreover,
increasing evidences support that MCs tryptase is involved
in angiogenesis through the direct degradation of connective
tissue matrix [25, 26, 75], with consequent release of matrixassociated angiogenic substances, such as VEGF or FGF2 [40, 72, 113–116]. These findings as a whole suggest that
MCs tryptase may sustain colon cancer cell growth in two
ways: direct proliferative effect via PAR-2 stimulation and
indirect support through angiogenesis stimulation. Thus,
tryptase may be considered a novel target of colon cancer
therapy. Taken together, all the reported evidences suggest
that the inhibition of colon cancer growth, invasion, and
metastasis by GM may be also due to its selective inhibition
of MC tryptase. Therefore, GM could be potentially useful
for antimetastatic and antiangiogenic treatment of colon
cancers. Noteworthy, this assumption is corroborated by a
recent study by Brandi et al. [47] aimed to investigate the
antitumor efficacy of GM, alone, and in combination with the
antiepidermal growth factor receptor (EGFR) monoclonal
antibody cetuximab, in a group of human CRC cell lines with
a different expression pattern of wild-type/mutated V-Ki-ras2
Kirsten rat sarcoma viral oncogene homolog (K-RAS), protooncogene B-Raf murine sarcoma viral oncogene homolog
B1 (BRAF), and phosphatidylinositol-4,5-bisphosphate 3kinase, catalytic subunit alpha oncogene (PIK3CA). Besides
confirming the lack of response to cetuximab in CRC cells
bearing such mutations [117–119], results demonstrated that
GM significantly inhibited the growth, invasiveness, and
tumor-induced angiogenesis in all CRC cells tested in this
study [47]. In particular, the antiangiogenic effect of GM in
combination with the anti-EGFR antibody was found to be
not superior than that observed with GM as single agent,
suggesting that the inhibition of tumor angiogenesis may be
largely related to GM mechanism of action, most notably the
inhibition of MCs tryptase. Therefore, also considering its
good toxicological profile, these findings indicate that GM
could represent a valuable therapeutic option for patients
with EGFR-expressing metastatic CRC (mCRC), particularly
for those ones bearing KRAS, BRAF, and PIK3CA mutations,
either as monotherapy or in combination with standard
chemotherapy [47].
The antimetastatic and antiangiogenic mechanisms of
GM have also been investigated in pancreatic cancer cell
lines. As in colon cancer, MMPs and uPA play a crucial
role also in the progression of pancreatic cancer [48]. In
addition, a previous study by Uchima et al. [48] reported
the involvement of tumor-associated trypsinogen (TAT) and
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Table 1: All preclinical studies mentioned above that have considered gabexate mesylate.
Author, reference,
year

Drug/s

Yoon et al. [46] 2004 gabexate mesylate

Tumor target

Molecular mechanisms of action Results

several human colon
cancer cell lines

(1) down-regulation of MMPs
(2) inhibition of uPA-plasmin
system

inhibition of angiogenesis, tumor
cell growth, invasion, metastasis

not analyzed

(1) inhibition of tumor cell
growth, angiogenesis, invasion,
metastasis
(2) antitumoral efficacy of the
combination therapy was not
superior than gabexate mesylate
alone

(1) gabexate mesylate
Brandi et al. [47] 2012 (2) gabexate mesylate
plus cetuximab

several human
colorectal cancer cell
lines (wt/mut KRAS,
BRAF, PIK3CA)

Uchima et al. [48]
2003

several human
down-regulation of uPA, TAT,
pancreatic cancer cell
PAT, MMPs, TGF-𝛽1, VEGF
lines

gabexate mesylate

inhibition of angiogenesis, cell
growth, invasion, metastasis

MMPs, Metalloproteinases; uPA, urokinase-type plasminogen activator; wt, wild-type; mut, mutated; TAT, Tumor-associated trypsinogen; PAT, Pancreatic
acinar trypsinogen; TGF-𝛽1, Tumor growth factor-beta1; VEGF, Vascular endothelial growth factor.

pancreatic acinar trypsinogen (PAT) in pancreatic cancer
invasion and metastasis. Both these serine proteases can be
activated by uPA, which is produced by pancreatic cancer.
Following, they are able to degrade ECM components and
can also directly activate TAT, PAT, pro-MMPs, and pro-uPA,
leading to further ECM breakdown. The resulting vicious
cycle would activate latent ECM-degrading proteases, thereby
promoting tumor cell invasion and metastasis. In particular,
PAT and TAT had been shown to continuously stimulate
pancreatic cancer cell proliferation by activating PAR-2 [120].
Furthermore, several investigations reported that transforming growth factor-beta 1 (TGF-𝛽1), produced in the tumor
microenvironment, could be a strong mediator of pancreatic
cancer cell invasion, metastasis, and angiogenesis by upregulating VEGF, MMP-2, and uPA secretion [121–123]. High uPA
levels, in turn, could activate latent TGF-beta1, resulting in a
positive feedback loop on tumor progression [123]. Starting
from these data, Uchima et al. [94] suggested that GM
inhibited the invasiveness, proliferation, and potential liver
metastatic of pancreatic cancer cell lines by downregulating
TAT and uPA activities, reducing PAR-2 activation, and
inhibiting the production of TGF-𝛽1 and VEGF. Moreover,
in pancreatic cancer the inhibitory effects of GM may be, in
part, associated with tryptase inhibition. In fact, similarly to
TAT, MCs tryptase may be responsible for PAR-2-mediated
pancreatic cell proliferation, since tryptase is a natural agonist
of this receptor [124]. Moreover, tryptase-mediated activation
of latent MMPs and uPA [25, 26, 75] may induce further
TAT, MMPs, and uPA activation and ECM degradation,
thus triggering an ECM-protease network responsible for
tumor cell invasion and metastasis [48, 94]. In this context,
tryptase inhibition by GM may downregulate TAT and uPA
enzymatic activities. The resulting downregulation of uPA
levels may decrease the activation of latent TGF-𝛽1, thereby
impairing the abovementioned cycle vicious of uPA and TGF𝛽1 and downregulating VEGF production. On the other
hand, tryptase inhibition may also directly suppress the production of TGF-𝛽1 and VEGF involved in tumor growth and
angiogenesis. In agreement with this proposed mechanism,

tryptase has been reported to increase the production of
TGF-𝛽1 in other pathophysiological settings [125, 126]. The
findings about the GM mechanism of action in pancreatic
cancer cells, together with our considerations, indicate that
this protease inhibitor could be a useful therapeutic option
for antimetastatic and antiangiogenic treatment of pancreatic
cancer.
The above studies are summarized in Table 1.
3.2. Nafamostat Mesylate. Similarly to GM, nafamostat mesylate (NM) is able to inhibit a variety of trypsin-like serine
proteases and some proteases implicated in the coagulation
cascade [127, 128]. Interestingly, Mori et al. [93] have demonstrated that NM inhibits human tryptase with potency 1000
times higher than that of GM, concluding that NM is an
extremely potent and selective inhibitor when employed at
relatively low concentration. They have also suggested that
such inhibitory action on tryptase activity can account for
some therapeutic effects of NM in specific clinical conditions.
Indeed, human tryptase may be involved in the pathogenesis
of several MCs-mediated allergic and inflammatory diseases,
such as rhinitis and asthma. It is also implicated in specific
gastrointestinal, dermatological, and cardiovascular disorders [129–131]. Therefore, NM has been widely used for the
treatment of acute pancreatitis and DIC in Japan [132, 133].
The antitumor potential of NM is suggested by Yoshii
et al.’s study previously described [50]. In fact, the in vitro
analysis showed that NM concentration-dependently inhibited the tryptase-induced enhancement of proliferation of
DLD-1 cells, thus suggesting that tryptase inhibition may
mediate the anticancer effect of NM. It has also been reported
that NM inhibits liver metastases of colon cancer cells in
mice [134]. Moreover, previous studies showed that NM
inhibited the proliferation and invasion of pancreatic cancer
cells by antagonizing TAT-induced activation of PAR-2 in
vitro, in the same fashion of GM [51, 52]. Indeed, several studies have recently revealed that NM exerts antiproliferative,
antiangiogenic, and antimetastatic effects also in pancreatic
cancer, proposing the use of this serine protease inhibitor
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in combination with standard chemotherapy regimens for
pancreatic cancer management [53–56]. In particular, the
blockade of nuclear factor kappa-B (NF-𝜅B) activation has
been reported to underlie antitumor effects of NM [55]. In
this regard, Karin and Lin have demonstrated that NF-𝜅B
plays an important role in the modulation of inflammatory responses, cell proliferation, apoptosis, and oncogenesis
including invasion and angiogenesis [55]. Typically, inactive
NF-𝜅B is sequestered in the cytoplasm by nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor
alpha (IkB𝛼); however, a specific activation signaling leads
to IkB𝛼 phosphorylation and consequent release of NF𝜅B protein, which translocates into the nucleus, where it
induces the transcription of target genes [135]. Most notably,
constitutive activation of NF-𝜅B has been identified in a
variety of tumors including pancreatic cancer [135] and it
is known to contribute to the aggressive phenotype [136]
and chemoresistance [137]. The resulting overexpression of
downstream target genes of NF-𝜅B, such as intercellular
adhesion molecule-1 (ICAM-1) [138], IL-8 [136, 139], VEGF
[136, 139, 140], MMP-9 [140], and uPA [141], promotes cell
adhesion, angiogenesis, invasion, and metastasis. Interestingly, some cancer chemotherapy drugs, such as oxaliplatin
and gemcitabine, have been shown to activate NF-𝜅B by
themselves, thereby reducing their antitumor efficacy [142–
144]. Based on these findings, a NF-𝜅B inhibitor like NM may
be able to suppress proliferation, angiogenesis, and metastasis
both in pancreatic cancer and in other malignancies, opening
an avenue for novel therapeutic approaches. In the study by
Fujiwara et al. [55], NM has been shown to downregulate
activities of phosphorylated IkB𝛼, NF-𝜅B, and its target
genes, resulting in inhibition of cell adhesion, invasion, and
increase of a particular programmed cell death (anoikis) in
human pancreatic tumor cell lines. In vivo, intraperitoneal
administration of pancreatic cancer cells, pretreated with
NM, in nude mice revealed reduced peritoneal metastasis and
neovascularization and increased survival compared with
controls. This suggests that NM may potentially reduce the
incidence of postoperative recurrences due to peritoneal dissemination in pancreatic cancer patients [145]. In accordance
with these findings, the authors have already reported the
ability of NM to inhibit NF-𝜅B activation and induce caspase8-mediated apoptosis when this serine protease inhibitor was
used as monotherapy or with gemcitabine, in vitro and in vivo
[53, 146, 147]. Most notably, they reported a better clinical
outcome of combination therapy of gemcitabine or paclitaxel
with NM in comparison with gemcitabine or paclitaxel alone
in pancreatic cancer-bearing mice through the inhibition of
chemotherapeutic drug-induced NF-𝜅B activation [53, 55]. It
was also demonstrated the clinical usefulness of intra-arterial
NM administration combined with gemcitabine in patients
with unresectable pancreatic cancer [54, 148]. Accordingly,
Gocho and colleagues [56] have recently proven that NM
enhances the antitumor effect of oxaliplatin by inhibiting
oxaliplatin-induced NF-𝜅B activation. This leads to downregulation of the cellular inhibitor of apoptosis proteins, cIAP1 and c-IAP2, resulting in cleavage of poly ADP-ribose
polymerase (PARP) and caspase-8-mediated apoptosis in
vitro and in vivo: the inhibition of NF-𝜅B activity results
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in chemosensitization of pancreatic cancer. Therefore, combination chemotherapy with NM and oxaliplatin exerts a
synergistic cytotoxic effect in pancreatic cancer both in vitro
and in vivo.
Taking into account the above-illustrated pathophysiological pathways, we propose that the potent inhibition of
MCs tryptase may also be involved in the antitumor activities
of NM. Firstly, this hypothesis is supported by the ability of
tryptase to stimulate cell proliferation and invasion of cancer
cells in vitro through the activation of PAR-2. We herein
report the evidence of these tryptase-mediated proliferative
effects only in colon cancer cells [50]; however, tryptase, being
a natural agonist of PAR-2 [124], may be potentially able to
activate this receptor class expressed also in the gastrointestinal tract, pancreas, liver, kidney, and sensory neurons [149–
151], triggering a proliferative response. Moreover, the above
mentioned antiproliferative effect of NM in pancreatic cancer
cells by blocking TAT-induced PAR-2 stimulation [51, 52]
may be indirectly related to tryptase inhibition. In fact, we
have previously reported that tryptase can activate the uPA
system [25, 26, 75], which, in turn, activates TAT leading
to stimulation of PAR-2 on the surface of pancreatic cancer
cells [94]. On the other hand, the inhibition of tryptasemediated activation of PAR-2 on vascular endothelial cells
could contribute to antiangiogenic effects of NM.
MCs tryptase may contribute to cancer pathways triggered by the constitutive activation of NF-𝜅B. In particular,
tryptase may upregulate the levels of several target genes
overexpressed owing to the pathological NF-𝜅B activation,
such as VEGF, IL-8, MMP-9, and uPA, thereby contributing to promote angiogenesis, invasion, and metastasis in a
variety of tumors. Interestingly, several studies have reported
that PAR-2 is able to mediate some important tryptaseinduced inflammatory processes, such as microglia activation and skin inflammation [152, 153]. In particular, it
has been shown that MC tryptase, via PAR-2, may induce
the upregulation/release of proinflammatory cytokines (i.e.,
IL-6, IL-8, TNF-𝛼) and activate important inflammatory
signaling cascades such as NF-𝜅B pathway in human dermal
microvascular endothelial cells and microglia: MAPK signaling pathways are involved in NF-𝜅B activation and consequent production/release of proinflammatory cytokines by
tryptase [152, 153]. Furthermore, according to Ma et al. [154]
tryptase could phosphorylate protein-kinase B (PKB, also
known as AKT) through PAR-2, activate phosphoinositol-3kinase (PI3K)/PKB pathway, and upregulate the expression of
NF-𝜅B in inflammatory settings. Most notably, PKB/AKT is
involved in cellular survival pathways by inhibiting apoptotic
processes [155]; hence, it has been implicated as a major factor
in many types of cancers [156].
In the light of these last findings, MCs tryptase may
probably contribute to the aggressive behavior and chemoresistance of pancreatic cancer cells, by activating NF-𝜅B.
Therefore, the inhibitory effect of NM on NF-𝜅B activities
may also indirectly depend on the selective tryptase inhibition. On the other hand, tryptase inhibition could also justify
the apoptotic effect of NM through the downregulation
of PI3K/protein kinase B (PKB) signaling pathway. As a
whole, the above detailed findings and mechanisms suggest
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Table 2: All studies mentioned above that have considered nafamostat mesylate.
Author, reference,
year

Drug/s

Tumor target

Molecular mechanisms of action
(1) inhibition of PAR-2
stimulation via MAPK- and
COX-dependent manner
(2) inhibition of VEGF and
FGF-2 levels
(1) Inhibition of PAR-2
stimulation via MAPK- and
COX-dependent manner
(2) Inhibition of the release of
IL-6 and GM-CSF

Jikuhara et al. [49]
2003

nafamostat
mesylate

human colon cancer
cell line (DLD-1)

Yoshii et al. [50] 2005

nafamostat
mesylate

human colon cancer
cell line (DLD-1)

Tajima et al. [51] 2001

nafamostat
mesylate

Ohta et al. [52] 2003

nafamostat
mesylate

Uwagawa et al. [53]
2009

(1) nafamostat
mesylate
(2) nafamostat
mesylate plus
gemcitabine

human pancreatic
cancer cell line
(Panc-1)

Down-regulation of NF-𝜅B with
reduction of ICAM-1, IL-8,
VEGF, MMP-9, uPA, RRM1

Uwagawa et al. [54]
2009

nafamostat
mesylate plus
intra-arterial
gemcitabine

unresectable locally
advanced or
metastatic pancreatic
cancer
(20 pts)

not analyzed

Fujiwara et al. [55]
2011

nafamostat
mesylate

human pancreatic
cancer cell lines
(AsPC-1, BxPC-3,
PANC-1)

down-regulation of IkB𝛼, NF-𝜅B
with reduction of ICAM-1, IL-8,
VEGF, MMP-9, uPA

human pancreatic
cancer cell line
(Panc-1) and
pancreatic cancer
mouse model

down-regulation of NF-𝜅B with
reduction of ICAM-1, IL-8,
VEGF, MMP-9, uPA, c-IAP1,
c-IAP2

(1) nafamostat
mesylate
Gocho et al. [56] 2013 (2) nafamostat
mesylate
plus oxaliplatin

several human
pancreatic cancer cell
lines
several human
pancreatic cancer cell
lines

Results
inhibition of tumor cell growth,
angiogenesis, invasion,
metastasis

inhibition of angiogenesis, cell
growth, invasion, metastasis

antagonizing TAT-induced
activation of PAR-2

inhibition of tumor cell growth
and invasion

antagonizing TAT-induced
activation of PAR-2

inhibition of tumor cell growth
and invasion
(1) inhibition of tumor cell
adhesion and growth,
angiogenesis, invasion metastasis
(2) increase of apoptosis
(3) increase of body weight loss
of mice
(1) CBR of 60%
(2) reduction of CA19-9 serum
level in 90% of pts
(3) improvement in
health-related quality of life
(1) increase of cell adhesion,
programmed cell death
(2) inhibition of angiogenesis,
invasion, metastasis in peritoneal
dissemination
(1) increase of cell adhesion,
caspase-8-mediated apoptosis
(2) inhibition of PARP,
angiogenesis, invasion and
metastasis,
(3) synergistic cytotoxic effect

PAR-2, Protease-activated receptor-2; MAPK, mitogen-activated protein kinase; COX, cyclooxygenase; IL, Interleukin; GM-CSF, Granulocyte-macrophage
colony stimulating factor; TAT, Tumor-associated trypsinogen; IkB, Inhibitor of NF-𝜅B; NF-𝜅B, Nuclear factor-kappaB; MMPs, metalloproteinases; uPA,
urokinase-type plasminogen activator; ICAM-1, Intercellular Adhesion Molecule-1, VEGF, Vascular endothelial growth factor, IAP, Inhibitors of apoptosis.

a potential usefulness of NM in preoperative management
of pancreatic cancer patients, because its use may reduce
postoperative recurrences and improve survival by inhibition
of metastasis induced by surgical resection [157]. Moreover,
taking into account the improved outcomes and relatively low
toxicity of preclinical and clinical studies of the combination
therapy with traditional chemotherapeutic agents and NM,
these combination chemotherapy regimens could represent a
novel promising strategy for pancreatic cancer treatment.
The above studies are summarized in Table 2.
3.3. Tranilast. Among pharmacological agents that affect
several inflammatory and allergic pathways mediated by
MCs tryptase, also tranilast (TN) has progressively attracted

considerable attention because of its antitumor potential.
Since 1982, this drug has been approved in Japan and Korea
for the systemic and topical treatment of bronchial asthma,
atopic dermatitis, and allergic conjunctivitis, with indications
for keloids and hypertrophic scar added in 1993 [158]. Followup studies have revealed that clinical effectiveness of TN in
such applications depends on inhibition of the release of
biologically active mediators from MCs [158, 159]. Moreover,
tranilast was reported to inhibit the VEGF-induced angiogenesis both in vitro and in vivo, and most notably, these
antiangiogenic activities have been shown to be concomitant
with inhibitory effects on MCs degranulation [160].
TN was also reported to inhibit the release of TGFbeta, IL-1beta, prostaglandin (PG) E2 , and IL-2 from human
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monocytes and macrophages [161, 162]. In the late 1980s,
Isaji et al. [160] discovered the antiproliferative properties
of TN. In particular, it was found that this agent inhibited
fibroblast proliferation in vitro, resulting in suppression
of proliferative inflammation in vivo. Subsequent studies
confirmed the ability of TN in inhibiting tumor cell growth
and proliferation in various models of cancer [59, 163, 164].
Overall, data from in vitro and in vivo models for proliferative
disorders, clinical studies, and case reports have corroborated
the antiproliferative and antitumor potential of TN [165],
providing important insights into its mechanisms of action.
Two studies, addressing antiproliferative activity of TN in
several breast cancer cell lines, revealed that TN inhibits
cell proliferation, by arresting cell cycle progression, and
downregulates TGF-𝛽 signaling pathway [57, 58]. Moreover,
Chakrabarti et al. [57] demonstrated that TN is able to inhibit
MAPK signaling pathway.
TN was also reported to suppress the proliferation of
cultured human leiomyoma cells by inhibiting cell cycle
modulators, such as cyclin-dependent kinase 2 (CDK-2)
[164].
As concerns pancreatic cancer, Hiroi et al. [59] reported
that TN significantly inhibited proliferation of PGHAM-1,
a hamster pancreatic cancer cell line. Moreover, TN was
able to inhibit tumor angiogenesis in response to VEGF.
Interestingly, in another study by Mitsuno et al. [60] TN was
found to enhance chemotherapeutic effect of gemcitabine,
as above reported for NM [53, 54]. However, unlike NMinduced effect, this chemosensitization was associated with
the downregulation of ribonucleotide reductase M1 (RRM1)
[53, 54].
Further experiments revealed that TN treatment inhibited prostate cancer cell proliferation in vitro by promoting
apoptosis. In addition, it was reported the ability of TN to
downregulate TGF-beta production from bone stromal cells
and other different cell types, thereby suppressing TGF-𝛽stimulated osteoclast differentiation which underlies, in part,
osteoblastic bone metastasis [61, 166]. Noguchi et al. [62]
demonstrated that three weeks of TN treatment significantly
reduced the tumor growth and metastasis, when administered daily by intraperitoneal injection (4 mg/animal), in a
mouse model of oral squamous cell carcinoma. TN has also
been reported to exert antitumor effects in gastric cancer [63]
and malignant glioma [64] through different mechanisms.
Izumi et al. [61] have reported that the treatment with oral
TN (300 mg/day) promoted a reduction of prostate-specific
antigen (PSA) levels in 4 out of 16 patients with advanced
castration-resistant prostate cancer (CRPC). Accordingly, in
the subsequent follow-up pilot study, oral treatment with TN
(300 mg/day) for a median period of five months documented
a continuous PSA inhibition in 3 out of 21 patients with
advanced CRPC. Overall survival rates at 12 and 24 months
were 74.5% and 61.5%, respectively [167]. As a whole, these
results suggest that TN could be used to improve the prognosis of patients with advanced CRPC. However, the two
clinical investigations had some limitations: (1) open-label
studies with one arm; (2) short follow-up period; (3) small
sample size; (4) all patients were Japanese. Therefore, the
reported findings need further confirmation. Finally, several
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case studies have reported that transdermal application of
TN was able to relieve both itching and pain associated with
hypertrophic, keloid scars [168].
Several important pathways have been recognized as
potential targets of TN antitumor activity. In particular, the
TN inhibitory effects on cell proliferation depend mainly on
its ability to interfere with TGF-𝛽 signaling and also reduce
TGF-𝛽 secretion [57, 61, 63, 64]. Also, TN-mediated inhibition of cell proliferation has been markedly associated with
blockade of cell cycle progression and consequent cell arrest
in the 𝐺0 /𝐺1 transition [58, 59, 164, 169]. Probably, TN can
induce cell cycle arrest also through the inhibition of calcium
influx, which is crucial for 𝐺1 /𝑆 transition, as demonstrated
by Nie et al. [65]. After TN treatment, the induction of
apoptosis has been reported in several breast and prostate
cancer cell lines [61, 66]. In particular, Subramaniam et al.
[58] showed that TN induced p53 upregulation, enhanced
RAC-alpha serine/threonine-protein kinase (AKT1) phosphorylation, and reduced phosphorylation of extracellular
regulated kinase 2 (ERK2). Another work by Subramaniam
et al. [66] detected an increased level of a PARP-cleavage
product in human cancer cell lines treated with TN.
TN also acts as a nontoxic agonist of the aryl hydrocarbon
receptor (ARH) [58, 170], whose function is involved in
anticancer effects [67, 68]: ARH presence in the cell is critical
for TN-mediated cell cycle arrest. Interestingly, the AHR also
antagonizes TGF-𝛽 activity [171] and exerts ligand-dependent
inhibitory effects on NF-𝜅B signaling [172]. These AHRmediated activities may contribute to the antiproliferative,
antiangiogenic, and antimetastatic effects of TN.
The ability of TN to inhibit MAPK signaling pathway
could also explain its antimetastatic potential, because this
pathway is known to be implicated during the epithelial
to mesenchymal transition (EMT), which is important for
tumor cell invasion [57]. Moreover, the downregulation of
certain MMPs, such as MMP-9, contributes to TN-mediated
inhibition of tumor cell invasion during metastasis: such
reduction of MMP-9 levels has been also linked to inhibition
of TGF-𝛽 signaling [58].
In addition to the above detailed potential targets, the
antitumor action of TN relies on the blocking of the release
of chemical mediators from MCs [57, 61, 64, 159], which
is also the mechanism responsible for its antiallergic and
anti-inflammatory efficacy [158]. In agreement with this
correlation, Yamamoto et al. [158] have recently documented that TN downregulated neurofibroma cell (NF1 cells)
proliferation through not only suppression of cell-growth
promoting pathways but also the inhibition of biologically
active mediators by MCs. Interestingly, this study supports
the involvement of tryptase in the antitumor activities of
TN. Indeed, following its addition to NF1 cells cocultured with MCs, this agent was reported to significantly
inhibit NF1 cell proliferation and lower the levels of TGF𝛽, SCF, and tryptase. These findings suggest that TN inhibits
tumor proliferation also through the downregulation of MC
tryptase, whose PAR-2-mediated proliferative and angiogenic
effects have been previously described [50, 76]. Furthermore,
tryptase has been reported to activate PI3K/PKB pathway
via PAR-2 cleavage/activation and subsequently upregulate
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Table 3: All studies mentioned above that have considered tranilast.
Molecular mechanisms
of action
(1) down-regulation of
TGF-𝛽 pathway
(2) inhibition of MAPK
pathway
(1) down-regulation of
TGF-𝛽 pathway
(2) induction cell arrest
in the G0 /G1 transition,
PARP cleavage, AKT1
phosphorylation
(3) up-regulation of p53
(4) reduction of ERK1/2
phosphorylation
(1) down-regulation of
TGF-𝛽 pathway with
reduction of MMP-9 and
VEGF levels
(2) induction cell arrest
in the G0 /G1 transition

inhibition of tumor cell
proliferation, angiogenesis,
apoptosis, migration

human pancreatic cancer
cell line (KP4)

decrease of RRM1
expression

(1) inhibition of tumor cell
proliferation, angiogenesis,
apoptosis
(2) synergistic cytotoxic
effect of combination
therapy

tranilast

(1) prostate cancer cell lines
and bone-derived stromal
cells
(2) SCID mice
(3) advanced
hormone-refractory
prostaste cancer (21 pts)

down-regulation of
TGF-𝛽1 pathway

(1) induction of apoptosis
(2) reduction of invasion
and bone metastasis, PSA
levels, improve prognosis

tranilast

mouse model of oral
squamous cell carcinoma

not analyzed

decrease of tumor growth,
angiogenesis, cervical
lymph node metastases

Yashiro et al. [63] 2003

tranilast

human gastric carcinoma
cell line (OCUM-2D) and
gastric fibroblast cell line
(NF-10)

down-regulation of
TGF-𝛽 pathway

decrease of tumor growth,
angiogenesis, invasion

Platten et al. [64] 2001

tranilast

human malignant glioma
cell line

down-regulation of
TGF-𝛽1-2 pathway

decrease of tumor growth,
angiogenesis, migration,
invasion

Nie et al. [65] 1997

tranilast

breast cancer cell lines
(MCF-7)

tranilast

human breast cancer cell
lines (triple
positive-BT-474, triple
negative-MDA-MB-231)

Zhang et al. [67] 2009

tranilast

several ER negative human
breast cancer cell lines

Hall et al. [68] 2010

tranilast

several human breast
cancer cell lines

induction cell arrest in
the G0 /G1 transition
(1) up-regulation of p53
(2) induction cell arrest
in the G0 /G1 transition,
AKT1 and ERK2
phosphorylation,
PARP-cleavage product
agonizing ARH with
down-regulation of
TGF-𝛽 and NF-𝜅B
pathways
agonizing ARH with
down-regulation of
TGF-𝛽 and NF-𝜅B
pathways

Author, reference, year

Drug/s

Tumor target

Chakrabarti et al. [57]
2009

tranilast

several mouse, rat and
human breast cancer cell
lines

Subramaniam et al. [58]
2010

tranilast

mouse breast cancer cell
line (4T1)

Hiroi et al. [59] 2002

tranilast

hamster pancreatic cancer
cell line (PGHAM-1)

Mitsuno et al. [60] 2010

(1) tranilast plus
gemcitabine
(2) gemcitabine

Izumi et al. [61] 2009

Noguchi et al. [62] 2003

Subramaniam et al. [66]
2011

Results
inhibition of tumor cell
proliferation, angiogenesis,
apoptosis, migration

inhibition of tumor cell
proliferation, angiogenesis

decrease of tumor growth

induction of apoptosis,
tumor growth, migration

(1) induction of apoptosis
(2) inhibition of
angiogenesis, cell growth,
invasion and metastasis
(1) induction of apoptosis
(2) inhibition of
angiogenesis, cell growth,
invasion and metastasis
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Table 3: Continued.

Author, reference, year

Drug/s

Tumor target

Isaji et al. [69] 1997

tranilast

human pancreatic cancer
cell lines

Molecular mechanisms
of action
decrease of VEGF and
MMPs levels

Results
inhibition of angiogenesis,
cell growth, migration

TGF-𝛽1, Tumor growth factor-beta1, MMPs, metalloproteinases; MAPK, mitogen-activated protein kinase uPA, PARP, poly ADP-ribose polymerase;
urokinase-type plasminogen activator; AKT1, RAC-alpha serine/threonine-protein kinase; ERK, Extracellular regulated kinase 2; VEGF, Vascular endothelial
growth factor; RRM1, Ribonucleotide reductase M1.

NF-𝜅B expression [154], promoting tumor cell survival
and chemoresistance [56, 155, 156]. Thus, the inhibition of
tryptase release may represent a further molecular mechanism involved in the induction of apoptosis and cell cycle
arrest upon TN treatment. Because tryptase-mediated PAR2 activation triggers the MAPK signaling pathway, which
is involved in the EMT process [57], tryptase inhibition by
TN may also mediate its anti-invasion and antimetastatic
properties.
The inhibitory effect on tryptase release could contribute
to the ability of TN treatment to target TGF-beta-regulated
signaling cascade and reduce TGF-𝛽 production. As above
described, indeed, in the tumor microenvironment, tryptase
may upregulate uPA levels, [25, 26, 75] thereby activating
latent TGF-𝛽 which, in turn, upregulates the production
of uPA, MMP-2, and VEGF. This vicious cycle has been
implicated in angiogenesis, tumor cell invasion, and metastasis [94]. By the way, tryptase can also participate to the
neovascular growth by activating latent MMPs, which, in
turn, promote tumor invasiveness and release of angiogenic
factors (VEGF or FGF-2) from their matrix-bound state [25,
26, 75]. Therefore, also taking into account the previously
reported study by Isaji et al. [69], the downregulation of
tryptase release may probably contribute to the TN-induced
inhibition of tumor angiogenesis in response to VEGF, as
observed in experimental pancreatic cancer [59].
In the light of the exposed considerations, we suggest
that the inhibition of tryptase functions may underlie the
anti-invasion, antimetastatic, and antiangiogenic effects of
TN treatment. As concerns safety, TN shows relatively low
toxicity in [61, 69, 173], making it a promising candidate for
further clinical investigations. Based on the encouraging in
vitro and in vivo research data, TN seems to be a safe and
effective agent for the treatment of several proliferative and
angiogenic diseases.
The above studies are summarized in Table 3.

4. Concluding Remarks
Several literature data support a potential implication of MCs
tryptase in three pivotal processes involved in cancer development and metastasization: cell growth, tumor-induced
angiogenesis, and invasion [174, 175]. Therefore, this serine
protease may be considered a novel promising target for the
adjuvant treatment of tumors through the selective inhibition
of angiogenesis, proliferation, and tissue remodelling. In
agreement with these considerations, compounds targeting
tryptase functions, although designed as antiallergic drugs,
could exert a useful antitumor activity as well. In this regard,

it is of interest to underline that many new anticancer drugs
used in clinical field, such as sorafenib [18], sunitinib [176],
pazopanib [177] axitinib [178], and masitinib [179] are all
targeted against c-KitR, whose activation leads to the release
of tryptase by MCs [24].
In particular, we herein discuss the antitumor and
antiangiogenic potential of three agents which are able to
inhibit the functions of MCs tryptase: gabexate mesylate,
nafamostat mesylate, and tranilast. Although no definitive
experimental data are available to confirm the role that
tryptase released from mast cells stimulate tumor angiogenesis, the above hypothesis is supported by a pilot study
in the in vivo chorioallantoic membrane assay [16]. In this
study an angiogenic activity of human recombinant tryptase
comparable to the angiogenic activity induced by the VEGF
has been demonstrated. Data from this study suggest that
the inhibition of tryptase is intriguing hypothesis worthy to
further investigation.
The new antiangiogenic approach here reviewed should
be substantially strengthened by future awaited clinical studies having the aim to evaluate the truly efficacy of the tryptase
inhibitors as a novel tumor antiangiogenic therapy.
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Neuroprotective therapies which focus on factors leading to retinal ganglion cells (RGCs) degeneration have been drawing more and
more attention. The beneficial effects of nerve growth factor (NGF) on the glaucoma have been recently suggested, but its effects
on eye tissue are complex and controversial in various studies. Recent clinical trials of systemically and topically administrated
NGF demonstrate that NGF is effective in treating several ocular diseases, including glaucoma. NGF has two receptors named
high affinity NGF tyrosine kinase receptor TrkA and low affinity receptor p75NTR. Both receptors exist in cells in retina like RGC
(expressing TrkA) and glia cells (expressing p75NTR). NGF functions by binding to TrkA or p75NTR alone or both together. The
binding of NGF to TrkA alone in RGC promotes RGC’s survival and proliferation through activation of TrkA and several prosurvival
pathways. In contrast, the binding of NGF to p75NTR leads to apoptosis although it also promotes survival in some cases. Binding
of NGF to both TrkA and p75NTR at the same time leads to survival in which p75NTR functions as a TrkA helping receptor. This
review discusses the current understanding of the NGF signaling in retina and the therapeutic implications in the treatment of
glaucoma.

1. Introduction
Glaucoma is one of the leading causes of blindness worldwide. Glaucoma is characterized by retinal ganglion cell
(RGC) degeneration and loss of visual field and it occurs
with or without elevated intraocular pressure (IOP) [1].
Apoptosis or programmed cell death of RGCs and optic nerve
degeneration may be the cause of blindness and it may occur
in the state of elevated intraocular pressure; however, both
RGC apoptosis and optic nerve atrophy, due to glaucoma, can
occur independently of elevated IOP. Clinically, in addition
to the lowering of IOP, one of the main targets of glaucoma
therapy is to delay the apoptosis and promote the survival of
RGC. Up to now, there is considerable evidence showing that

attenuation of RGC degeneration is potentially an effective
therapeutic strategy for treatment of glaucoma [2, 3]. Thus,
therapeutic neuroprotection of RGCs aims to prevent or
delay cell death and maintaining normal neuronal functions
is an important alternative approach for the treatment of
glaucoma.
Nerve growth factor (NGF) was discovered in 1948. It
prevents neuronal apoptosis in primary cultured neurons
and reduces neuronal degeneration in animal models of
neurodegenerative diseases [4]. These results in animals have
led to several clinical trials [5, 6]. In clinical studies, treatment
with NGF was accompanied by beneficial effects on cognitive
performance, but it also led to back pain [7]. Positive
results from the use of NGF in the treatment of classical
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neurodegenerative diseases lead researchers to investigate the
role of NGF of the treatment of glaucoma based on glaucoma
being a neurodegenerative disease related to the damage of
optic nerves. RGCs are special neurons which receive visual
information from photoreceptors and transmit signals to several brain regions including the thalamus, hypothalamus, and
mesencephalon and midbrain [8]. Although NGF treatment
is effective in the treatment of glaucoma, in some studies,
there are also some negative reports; one example is the
proapoptotic effect of p75 neurotrophin receptor (p75NTR)
in glia cells; binding of NGF to p75NTR is associated
with retinal ganglion cell apoptosis [9]. Thus, an enhanced
understanding of the molecular pathways and mechanisms
is required to better appreciate and potentially exploit the
therapeutic potential NGF and its signaling pathways for
the treatment of glaucoma. In this review, we will examine
the current understanding of the NGF signaling pathway
and its potential as a therapeutic target for the treatment of
glaucoma.

2. Nerve Growth Factor Receptors
and Their Signaling Pathways
2.1. General Features of NGF and Its Similarity with Other
Growth Factors. Growth factors are produced by our body
and they have a very extensive role in the regulation of
many cellular processes. The binding of growth factors to
their receptors on the cell surface affects cellular survival,
proliferation, and/or differentiation [10, 11]. For example,
platelet-derived growth factor promotes the proliferation of
glioblastoma cells through downregulation of miR-21 [12];
the breadth of actions of such an agent is apparent from the
observation that it can also enhance glycosaminoglycan elongation on the proteoglycan biglycan and thereby plays a role
in the initiation of atherosclerosis [13]. The pleiotropic growth
factor, transforming growth factor-𝛽, promotes wound healing, inhibits macrophage proliferation, and protects against
nerve-injury-induced neuropathic pain [14].
NGF is another important polypeptide growth factor
which functions to regulate the growth and survival of
nerve cells; it was discovered by Rita Levi-Montalcini and
Stanley Cohen in the 1950s [15]. NGF belongs to a family
of factors also known as neurotrophins. Other members of
the neurotrophin family include brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin
4/5 (NT-4/5); all of them are known for regulating brain
development and functions [16]. NGF is formed by cleavage
from Pro-NGF, which is the precursor protein form of NGF;
however, the roles of Pro-NGF and NGF are not consistent;
treatment with Pro-NGF in cervical ganglia neurons which
express both of the NGF receptors p75NTR and tyrosine
receptor kinase A (TrkA) leads to programmed cell death,
whereas NGF treatment of these same neurons results in
survival and axonal growth [17]. Free NGF displays multiple
physiological actions, in the central nerve system. NGF
possesses neurotrophic effects and is critical for the neurite
outgrowth and survival and maintenance of neurons. Studies,
in vitro and in vivo, have shown that NGF stimulates neurite
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outgrowth and axonal branching and extension [18–20]. Most
importantly, NGF has strong antiapoptotic effect and, with
deprivation of NGF, neurons exhibit a series of morphological
changes and eventually undergo apoptosis [21].
The clinical significance of NGF has been widely studied and it is recognized that NGF profoundly affects the
development of both the young and the adult nervous
systems [22]. In the central nervous system, NGF is a key
neurotrophin and its dysregulation could be involved in
various neuronal degeneration diseases such as Alzheimer’s
disease and multiple sclerosis [23, 24]. Dysfunction of NGF
may also be linked to mental or psychiatric disorders,
such as schizophrenia, depression, and autism [25–27]. Low
levels of NGF in cerebrospinal fluid and a deficit of NGF
signaling might provide the basis for the occurrence of these
neurological diseases [27]. Besides its role in the CNS, there
is evidence that NGF circulates throughout the body and
plays roles in many organs [28]. For example, variability
in NGF levels is associated with atherosclerosis and hence
cardiovascular disease and also metabolic disorders such as
diabetes and obesity [29, 30]. Specifically, NGF levels are
decreased in atherosclerotic coronary vascular tissue and
a decrease in plasma NGF could be detected in metabolic
syndrome patients [31]. NGF deficits are the main cause of
these diseases mentioned above, so, to some extent, supply
of NGF to the target region may reverse the pathology of the
diseases or alleviate the symptoms. However, the obstacle is
the drug delivery technology and pharmacokinetic properties
since the apparent need is to deliver NGF to the target region
and specifically the target regions in order to reduce the
adverse effects at other sites [32]. This obstacle will not occur
if NGF is used topically, for example, in the application of
NGF in the treatment of ocular disease, and we will illustrate
these possibilities in the following sections.
NGF plays its role by binding to its receptors located
in the surface of cells. TrkA is the high affinity catalytically
active receptor for NGF. NGF binding to TrkA leads to the
phosphorylation of TrkA and activation of its downstream
targets, such as protein kinase B (Akt) or extracellular signalregulated protein kinase 1/2 (ERK1/2), which eventually cause
neural differentiation and prevention of apoptosis [33]. The
other NGF receptor, p75NTR, is a low affinity receptor [34].
The precise role of p75NTR is complicated, and, depending
upon the cellular context, it can promote cell survival,
cell death, or growth inhibition; for example, treatment of
normal eyes with an NGF mutant-selective p75NTR agonist
causes progressive RGC death [35]; in contrast, p75NTR
overexpression in breast tumor cells favors tumor survival
and contributes to tumor resistance to drugs [36].
2.2. Signaling Pathway of NGF and Its Receptors. The affinity
of NGF binding to p75NTR receptor is weaker than NGF
binding to TrkA, but the cell type distribution of p75NTR is
wider than that of TrkA; TrkA receptor is mainly expressed
at neurons responsive to NGF: peripheral sensory neurons, sympathetic neurons, and basal forebrain cholinergic
neurons [37], while the p75NTR receptor is more widely
distributed. In addition to cells expressing the TrkA receptor,
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Figure 1: Signaling of NGF receptors. NGF is formed by cleavage
from Pro-NGF, which is the precursor protein form of NGF. TrkA
receptor is the high affinity receptor for NGF; NGF binding to
TrkA causes the phosphorylation of TrkA and activation of multiple
signaling pathways such as the PI3K/Akt, Ras/Raf/MEK/ERK1/2,
or PLC𝛾/PKC signaling pathways. Activation of these pathways
eventually leads to different biological functions including the
prevention of apoptosis. The other NGF receptor, p75NTR, is a low
affinity receptor. The precise role of p75NTR depends upon the
cellular context; it can enhance cell survival through NF-𝜅B pathway
or promote cell death through JNK/c-Jun signal pathway.

the p75NTR receptor could be detected in motor neurons,
Schwann cells, and cerebellar Purkinje cells [38]. Signaling of
NGF receptors is shown in Figure 1.
TrkA is the high affinity catalytic receptor for the NGF
and it mediates the main effects of NGF, which include
cell growth, the formation and regeneration of neurites,
and avoidance of programmed cell death [39]. Binding
of NGF to TrkA receptor facilitates receptor dimerization
and autophosphorylation of its tyrosine residues. Activation
(phosphorylation) of the TrkA receptor provides docking
sites for effector molecules such as Shc which in turn induces
the recruitment of a complex of Shc/Grb2, subsequent to
which several downstream signaling cascades are initiated
and propagated [40].
Phosphorylation of the TrkA receptor leads to the interaction of TrkA and phosphatidylinositiol-3 kinase (PI3K). PI3K
is activated and recruited to the plasma membrane and leads
to the production of phosphoinositide 3,4,5-trisphosphate
and membrane translocation of the serine/threonine-protein
kinases Akt and Akt activation [20]. Although there are
other downstream targets of PI3K, the PI3K/Akt signaling
pathway is particularly important for neuronal survival and
the synthesis of many new cellular proteins. In one exemplar,
pathway Akt phosphorylates the proapoptotic proteins, such
as forkhead box-O transcription factors (FoxO) and B-cell
lymphoma 2 family members, thereby inhibiting neuronal
apoptosis [41–43]. FoxO is a classic target of growth factor Trk

receptor signaling [44, 45]; FoxO proteins are expressed in
the detached retina [46]; therefore, phosphorylation of FoxO
mediated by Akt may play a role in neurotrophins-mediated
cell survival.
Another NGF-activated signaling pathway is the Rasmediated activation of the mitogen-activated protein kinase
(MAPK) pathway, which is initiated through recruitment and
phosphorylation of Shc [47]. Ras is a membrane-associated G
protein; the active Ras protein binds to and phosphorylates
several proteins, including the protooncogene Raf. Raf, in
turn, activates MAPK kinase (MEK) and phosphorylated
MEK activates ERK1/2 [48]. Phosphorylated ERK1/2 may
enter into nucleus and regulate the activity of many transcription factors including ETS domain-containing protein
ELK1 [49]. ERK1/2 may also phosphorylate ribosomal S6
kinase (S6K), which leads to the phosphorylation of cyclic
adenosine monophosphate response element binding protein, eventually affecting the regulation of the expression
of NGF-inducible genes and, thus, contributing to neuronal
differentiation or neurite outgrowth [50]. Besides the two
pathways mentioned above, TrkA activation also leads to the
survival and growth of neuronal cells through Phospholipase C gamma1 (PLC𝛾1) [51]. PLC𝛾1 supports activation of
PKC signaling pathway and is thus involved in antimitogenic/mitogenic signaling.
The other receptor for NGF is p75NTR, but it is not a
specific receptor for NGF as it also binds other neurotrophins,
such as NT-3, NT-4/5, and BDNF [52]. The role of the
p75NTR receptor is complicated. Binding of NGF with
p75NTR with low affinity leads to apoptosis or cell survival
in different cellular contexts [35, 36]. p75NTR can induce
apoptosis both in vitro and in vivo. p75NTR activates Rac
GTPase and activated c-jun N-terminal kinase (JNK), including an injury-specific isoform, JNK3 [53]. JNKs stimulate
the expression of proapoptotic genes via the transactivation of specific transcription factors [54], so p75NTR can
promote cell death. However, it also enhances cell survival;
NGF treatment activates nuclear factor 𝜅B (NF-𝜅B) through
p75NTR and during this process, p75NTR-mediated NF𝜅B activation enhances the survival response of developing
sensory neurons to nerve growth factor [55]. NF-𝜅B is a
nuclear transcription factor that regulates expression of a
large number of genes that are critical for the regulation of cell
survival. Thus, in summary, the p75NTR receptor activates
apoptotic signaling through the JNK cascade or cell survival
through NF-𝜅B pathway.
NGF binds to both TrkA and p75NTR receptors when
they coexpressed on the outer cell membrane, even though
the affinity of TrkA with NGF is much higher. Studies in
vitro have shown that neurons coexpressing p75NTR and
TrkA respond to lower concentrations of NGF [56, 57], which
means that p75NTR increases the responsiveness of TrkA
to NGF. When the two receptors are coexpressed, the rate
of association of NGF with TrkA increases compared to
cells expressing TrkA alone [58]. The result infers that this
interaction leads to the formation of binding sites with higher
affinity for NGF than that of either receptor alone. Structural
and mechanistic insights into NGF interactions with the TrkA
and p75NTR receptors indicate that NGF could dimerize
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TrkA and p75NTR exists as a preformed oligomer that is
not dissociated by NGF [59]. There is no evidence to show
that TrkA and p75NTR interact directly, so they may interact
indirectly through the convergence of downstream signaling pathways and/or share adaptor molecules, rather than
through direct receptor-receptor interactions [59]. These data
indicate that the final fate of cells coexpressing both TrkA and
p75NTR is complicated with the functional response related
to the abundance of each receptor and the different agonists.

3. Causes and Pathophysiology of Glaucoma
Glaucoma is a severe eye disease, which is usually associated
with absolute or relative elevated fluid pressure within the
eyes and gradually progressive visual field loss. One major
risk factor for glaucoma is the raised IOP. However, other
mechanisms must be involved in the pathology of glaucoma
because glaucoma can develop in the absence of elevated IOP
and, in the clinic, different individuals respond differently to
the elevated pressure [60]. In some populations, patients may
have high eye pressure for many years but this never leads to
glaucoma. Molecular studies on the differential expression of
human genes under conditions of elevated IOP revealed that
MMP1, MMP10, CXCL2, and PDPN were general responders
and were altered in almost all the patients with glaucoma
whilst STATH, FBN2, TF, OGN, IL6, IGF1, CRYAB, and
ELAM1 (marker for glaucoma) had very patient specific
changes in expression [61].
Notwithstanding the above, among the several causes
for glaucoma, elevated eye pressure is one of the most
important and best recognized acceptable risk factors [62].
Besides elevated IOP, glaucoma is also thought to arise
from a mutation in a single gene or a group of genes; for
instance, it is well identified that MYOC mutations are a
major cause of glaucoma [63, 64]. This notion is supported by
the observation that people with a family history of glaucoma
have higher risk of developing glaucoma. The relationship
between glaucoma with gene mutations and phenotypes has
been reviewed by Fan and Wiggs [65]. Other risk factors
for glaucoma include severely restricted blood flow to the
eye, prolonged use of steroids, and ethnic and gender factors.
Figure 2 shows a model of insults and their involvement of
glaucoma.
Optic nerve damage is a common optic neuropathy of
glaucoma, which is characterized by loss of retinal ganglion
cells [66]. Both the high pressure and relatively low pressure
can develop nerve damage and lead to blindness if left
untreated. The inconsistent relationship of glaucomatous
optic neuropathy with ocular hypertension has provoked the
generation of other hypotheses and investigations. Among
these studies, excitatory neurotransmitter toxicity (such as
excessive glutamate release), hypoperfusion, trophic factors,
retinal ganglion cell/axon degeneration, and neuron loss have
received attention [67–70]. Neuroprotection is an effective
strategy to attenuate RGC degeneration and facilitate the
survival of optic nerves through blocking these risk factors
associated with RGC loss in glaucoma. NGF plays an effect
by preventing neuronal degeneration in animal models of
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Figure 2: A model of insults and their involvement of glaucoma.
Increased intraocular pressure (IOP) usually leads to abnormal
pressure-flow relationship; periods of ischemia are then more likely
to occur when ocular perfusion pressure is reduced leading to
increased oxidative stress due to the reactive oxygen species. These
insults lead to the impairment of RGCs and eventually lead to
RGC’s death and glaucoma. Functional defects caused by mutations
in susceptibility genes, such as OPTN/MYOC, could also lead to
defects in RGCs and contribute to the pathogenesis of glaucoma.
Other factors, such as topical ocular administration of steroids, are
the most likely to cause alteration of IOP and increase the risk of
developing glaucoma.

neurodegenerative diseases [71, 72], so the application of NGF
as a neuroprotective strategy for the medical treatment of
glaucoma should be reasonable.

4. Interaction between NGF and Glaucoma
4.1. Glaucoma Alters the Expression of NGF and Its Receptors
in Retinal Ganglion Cells and Visual Cortex. In normal
conditions, primary cultured RGCs and transformed RGC5 cells express various neurotrophins, such as brain-derived
neurotrophic factor (BDNF), NGF, neurotrophin-3 (NT3),
neurotrophin-4 (NT4), and also their relevant receptors,
such as TrkA, p75NTR, or TrkB. RGC-5 cells also secrete
NT3, BDNF, NGF, and NT4 into the cultured media [73].
In the visual system, the secretion of neurotrophins and the
expression of their receptors maintain the morphological
development; for example, neurotrophins and their receptors
have been shown to exert various influences on guiding
the morphological differentiation of neurons and controlling
the functional plasticity of visual circuits; they may also
participate in visual connectivity and the transmission of
images into brain through optic nerve fibers [74].
While, in pathological conditions, such as glaucoma, the
increased IOP will alter the level of NGF and NGF receptor
expression, glaucoma significantly reduces the content of
NGF in the cerebrospinal fluid (CSF) and lateral geniculate
nucleus (LGN), but serum NGF protein levels may not be
affected; this finding suggests that the NGF present in the
CSF is most likely taken up by damaged retinal or brain
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neurons. Ongoing research shows that glaucoma increases
the basal level of TrkA in the LGN and NGF administration
further enhances this increase. However glaucoma had no
effect on the expression of p75NTR at early stage, while NGF
still enhanced the level of p75NTR; these results support
the contention that glaucoma altered the basal level of
NGF and NGF receptors in brain visual centers [75]. A
relatively long term study showed that, after 7 days of ocular
hypertension, the content of retinal NGF increased but it
did so transiently. However, the TrkA receptor is upregulated
and expression is sustained for a long period in RGCs [76].
After 28 days of ocular hypertension, the level of retinal
BDNF increased significantly, but the hypertension had no
effect on its receptor TrkB [76]. The TrkC receptor was also
enhanced in Müller cells but not in retinal ganglion cells even
though the level of NT-3 remained unchanged. Expression of
retinal p75NTR increased late at day 28 [76]. These results
are consistent with the observation in the neurodegeneration;
transgenic mice of neurodegeneration showed a lower level of
NGF and NGF deficits elicit a progressive neurodegeneration
[77, 78]. In Alzheimer’s disease, NGF has been shown to be
effective in preventing the onset of the central cholinergic
deficit, so the role of NGF in RGC degeneration caused by
glaucoma is certainly worthy of further investigation.
4.2. NGF Affects Synaptic Plasticity and Glaucoma-Associated
Proteins in the Optic Nerve System. In the CNS, NGF
possesses obvious effects on modulating neuronal inputs
and thereby synaptic plasticity. NGF augmentation significantly enhanced cholinergic neuronal markers and facilitated induction of hippocampal long-term potentiation
(LTP); moreover, blockade of endogenous NGF significantly
reduced hippocampal LTP and impaired retention of spatial
memory [79]. These findings provide evidence that NGF
is essential for NGF hippocampal plasticity and learning.
NGF also plays a role in neuronal plasticity in the optical
system or visual cortex where monocular deprivation leads
to decreased cell size and impairment of synaptic plasticity in
visual cortex, while intraventricular administration of NGF
prevents the cell shrinkage and demonstrated a substantial
recovery of functional binocular connections [80]. This information indicates that neurotrophic factors may contribute
to the regulation of experience-dependent modifications
of synaptic connectivity in the visual cortex. Intracortical
infusion of NGF into adult cat visual cortex can recreate
ocular dominance plasticity, suggesting that NGF is also
involved in the activity-dependent modification of synaptic
connectivity in the adult brain [81]. GAP-43 and synaptophysin are two presynaptic elements in the visual cortex,
which are highly related to synaptic plasticity. NGF treatment
stimulates phosphorylation of GAP-43 and increases the level
of synaptophysin immunoreactivity in adult visual cortex
[82]. NGF treatment of the adult visual cortex modulates
presynaptic terminals, possibly by inducing axonal sprouting
and formation of new synapses, and these changes may play
a role in the NGF-induced functional plasticity.
Optineurin (OPTN) and myocilin (MYOC) are two genes
linked to glaucoma [83]. Rezaie et al. identified that OPTN
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may be an adult-onset glaucoma gene and speculated that
wild-type optineurin played a neuroprotective role in the eye
and optic nerve through the TNF-𝛼 pathway; accordingly,
when OPTN was defective, it may lead to visual loss and optic
neuropathy as typically seen in normal and high-pressure
glaucoma [84]. This speculation was supported by the results
that NGF treatment enhanced the endogenous levels of both
OPTN and MYOC genes in PC12 cells [85]. These results
demonstrate that NGF affects the expression of glaucomaassociated genes and their protein products. The data also
indicate that NGF treatment may be an effective way to
intervene in the process of glaucoma. However, the roles of
OPTN and MYOC are complicated. OPTN overexpression
induces an upregulation of the endogenous MYOC in both
RGC and PC12 cells, while overexpressing MYOC does not
affect the OPTN level. MYOC and OPTN contribute to
the development of neurodegenerative glaucoma through
different mechanisms. Overexpression of MYOC inhibits
NGF-induced neurite outgrowth in both PC12 cells and RGC5 cells, while transfection of optineurin leads to increased
apoptosis [86]. The acute role of NGF and the glaucomaassociated proteins still needs further investigation and a
specific gene knock-out mouse may serve this purpose. So
far, a conditional knockout mouse line of OPTN has been
generated and is available at the Wellcome Trust Sanger
Institute [87]; Myoc-null mice have also been produced by
Kim and coworkers [88]; these genetically altered mice are
useful tools for understanding the physiological function of
glaucoma-associated proteins; they can also be used to model
the phenotype of glaucoma. In addition, these mouse lines
provide a foundation for future efforts aimed at deciphering
the role of NGF in the treatment of glaucoma.
4.3. Differential Effects Mediated by NGF Receptors in Glaucoma. As discussed above, the role of the receptors, TrkA
and p75NTR, is not consistent in the CNS. It is widely
accepted that sympathetic neuron survival is regulated positively by TrkA and negatively by p75NTR. The apoptotic
effect of p75NTR signaling occurs only under suboptimal
survival conditions, while TrkA-mediated responses occur
when survival conditions are optimal [89–91]. In fact, the
survival response to NGF is mediated by competitive signaling between TrkA and p75NTR; as mentioned previously,
p75NTR induces NF-𝜅B and JNK activation, whereas TrkA
mediates MAPK and Akt activation and when the two
receptors are expressed together, TrkA blocks the p75NTRmediated JNK activation, but NF-𝜅B is unaffected [88, 90].
In the optical system, the two receptors may also function
differently. In normal adult retinas, TrkA is expressed in
RGCs, whereas P75 is expressed in glia. In contrast to results
from in vitro studies, in vivo studies indicate that NGF binds
to TrkA and p75NTR but fails to promote the survival of
axotomized RGCs in the adult retina; however, TrkA agonists
showed robust neuroprotective effects [92]. Pharmacological
inhibition of p75NTR or in p75NTR knockout mice showed
enhanced survival of axotomized RGCs. A combination of
NGF or TrkA agonists with p75NTR antagonists further
potentiated RGC neuroprotection in vivo [93]. Treatment
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with a mutant NGF that only activates TrkA affords significant neuroprotection. Supporting results were obtained for a
biological response modifier that prevents endogenous NGF
and pro-NGF from binding to p75NTR. Treatment of normal
eyes with an NGF mutant-selective p75NTR agonist causes
progressive RGC death, and, in injured eyes, it accelerates
RGC death [35]. In a model of experimental glaucoma, the
loss of RGC is accompanied by increased retinal p75 and Bax
expression [9]. In summary, much data support the idea that
NGF can be neuroprotective when acting on neuronal TrkA
receptors on RGCs but engagement of p75NTR on glial cells
antagonizes this effect. However, p75NTR cannot be viewed
simply as a proapoptotic factor as in some situations; p75NTR
may be a neuroprotective molecule [94] and p75NTR has
beneficial effects on myelin formation and regeneration [95].
Thus, it is apparent that the role of p75NTR is complex
and we need to unravel the precise role of p75NTR under
different conditions and its related molecules during retinal
development and degeneration.

What we should keep in mind is that most of the growth
factors, including NGF, have low bioactive stability in the
body owing to their short half-lives and slow diffusion, thus
limiting its use as a neuroprotective drug [100]; ex vivo gene
delivery or biologically stable small molecules that could
bind and activate the TrkA signaling pathway are alternative
strategies [101, 102]. From the angle of tissue engineering, two
distinct strategies could be used for delivering growth factors:
growth factors can be chemically bound into or onto the
matrix; growth factors may infiltrate the material and make
them available to cells. On the other hand, growth factors
could also be physically encapsulated in the delivery system,
and they can be released from synthetic extracellular matrix
to target specific cell populations [103]; however, none has
been evaluated for ocular applications. The most apparent
advantage of NGF for the application in the clinic is its ability
to penetrate to the retina when administrated topically. The
application of NGF may open therapeutic perspectives for
glaucoma and other neurodegenerative diseases.

5. Application of NGF in Retina
Neurodegeneration and Glaucoma

6. Conclusions and Future Research

NGF is a widely studied growth factor which possesses
significant neuroprotective effects on neurons against various
insults. In the central nervous system, NGF deficiency is
involved in age-related neurodegenerative diseases; a deficit
in the signaling and/or transport of NGF also leads to
neurodegeneration [96]. Treatment with NGF can attenuate cholinergic deficit and improve cognitive behavior in
animals. Clinical studies with chronic NGF administration
in patients with Alzheimer’s disease normalized electroencephalograph patterns and improved performance in words
recognition tests [97]. These researchers proposed that NGF
or compounds that induce the expression of endogenous
NGF may be useful in the treatment of Alzheimer’s disease
or other neurodegenerative diseases. The application of NGF
in the treatment of neurodegeneration prompts us to explore
whether NGF will produce similar role in the treatment of
optic nerve degeneration.
Sustained elevated IOP causes RGC degeneration and
results in cell death. In animal models, glaucoma is induced
by the injection of hypertonic saline into the episcleral vein
of the eyes. A rat model of glaucoma showed that glaucoma
led to progressive degeneration of RGCs, with the loss of
nearly 40% of these cells after 7 weeks of treatment. The RGC
loss is associated with the downregulation of NGF and NGF
receptor expression in the retina and ocular treatment with
NGF significantly reduced the deficit induced by glaucoma
[98]. Another study showed that using NGF as an eye drop
can attenuate the optic nerve damage that accompanies
glaucoma; these investigators induced glaucoma in rats and
measured the survival of RGCs with and without NGF eye
drops administered four times daily for 7 weeks; it was
found that significantly more RGCs survived in the treated
group. In three patients with advanced glaucoma, treatment
with topical NGF produced an improvement in visual acuity,
contrast sensitivity, and electrophysiological functions [99].

The ultimate goal of glaucoma research is to find new
compounds that will not only normalize IOP but also arrest
or even reverse apoptotic damage to the optic nerve and
RGCs and slow the rate of progression of the disease.
This review discussed current knowledge of glaucoma, with
an emphasis on the NGF and NGF receptor(s) signaling
pathways, and further explored the possibility of targeting
the NGF signaling pathway as a strategy for the treatment of
glaucoma. NGF offers the promise of actually restoring visual
function through acting on the TrkA receptor; however, we
should be cautious regarding the future of NGF-dependent
treatments in the armamentarium of glaucoma therapy as
most of the present studies were in animal models and
none has reached clinical success. After more research and
deeper mechanistic understanding a randomized, controlled
glaucoma, clinical trials need to be performed to evaluate
the therapeutic effect of NGF in the treatment of glaucoma
and this also will involve an evaluation of the magnitude and
occurrence rate of adverse effects. In the future, developments
of novel pharmacological interventions for glaucoma may
include the development of small molecules that are specific
for TrkA receptors in the optical nerves. With protein
chemistry entering into a new phase of “peptide design,” it
is hoped that careful design of these small molecules may
be able to limit biological activity to only the wanted effects
and minimize the adverse effects. Other strategies such as
chemical immobilization of NGF into or onto the matrix and
physical encapsulation of NGF in the delivery system may
also be promising in the future studies. Such novel ideas for
trophic support are still developing and may provide future
“smart drugs” for glaucoma.
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A. Lantero, M. Tramullas, A. Dı́az, and M. A. Hurlé, “Transforming growth factor-𝛽 in normal nociceptive processing and
pathological pain models,” Molecular Neurobiology, vol. 45, no.
1, pp. 76–86, 2012.
W. M. Cowan, “Viktor Hamburger and Rita Levi-Montalcini:
the path to the discovery of nerve growth factor,” Annual Review
of Neuroscience, vol. 24, pp. 551–600, 2001.
C. Lanave, A. M. Colangelo, C. Saccone, and L. Alberghina,
“Molecular evolution of the neurotrophin family members and
their Trk receptors,” Gene, vol. 394, no. 1-2, pp. 1–12, 2007.
R. Lee, P. Kermani, K. K. Teng, and B. L. Hempstead, “Regulation of cell survival by secreted proneurotrophins,” Science, vol.
294, no. 5548, pp. 1945–1948, 2001.
B. A. Tucker, M. Rahimtula, and K. M. Mearow, “Src and
FAK are key early signalling intermediates required for neurite
growth in NGF-responsive adult DRG neurons,” Cellular Signalling, vol. 20, no. 1, pp. 241–257, 2008.
Z. Hu, M. Ulfendahl, and N. P. Olivius, “NGF stimulates extensive neurite outgrowth from implanted dorsal root ganglion
neurons following transplantation into the adult rat inner ear,”
Neurobiology of Disease, vol. 18, no. 1, pp. 184–192, 2005.
L. Xu, S. Zhou, G.-Y. Feng et al., “Neural stem cells enhance
nerve regeneration after sciatic nerve injury in rats,” Molecular
Neurobiology, vol. 46, no. 2, pp. 265–274, 2012.
D. J. Lomb, L. A. Desouza, J. L. Franklin, and R. S. Freeman,
“Prolyl hydroxylase inhibitors depend on extracellular glucose
and hypoxia-inducible factor (HIF)-2𝛼 to inhibit cell death
caused by nerve growth factor (NGF) deprivation: evidence that
HIF-2𝛼 has a role in NGF-promoted survival of sympathetic
neurons,” Molecular Pharmacology, vol. 75, no. 5, pp. 1198–1209,
2009.
M. H. Tuszynski and A. Blesch, “Nerve growth factor: from
animal models of cholinergic neuronal degeneration to gene
therapy in Alzheimer’s disease,” Progress in Brain Research, vol.
146, pp. 441–449, 2004.
A. Cattaneo and P. Calissano, “Nerve growth factor and
Alzheimer’s disease: new facts for an old hypothesis.,” Molecular
neurobiology, vol. 46, no. 3, pp. 588–604, 2012.
K. Biernacki, J. P. Antel, M. Blain, S. Narayanan, D. L. Arnold,
and A. Prat, “Interferon beta promotes nerve growth factor
secretion early in the course of multiple sclerosis,” Archives of
Neurology, vol. 62, no. 4, pp. 563–568, 2005.
J. E. McGeary, V. Gurel, V. S. Knopik, J. Spaulding, and J.
McMichael, “Effects of nerve growth factor (NGF), fluoxetine,
and amitriptyline on gene expression profiles in rat brain,”
Neuropeptides, vol. 45, no. 5, pp. 317–322, 2011.
K. B. Nelson, J. K. Grether, L. A. Croen et al., “Neuropeptides
and neurotrophins in neonatal blood of children with autism
or mental retardation,” Annals of Neurology, vol. 49, no. 5, pp.
597–606, 2001.
W. Zheng, H. Wang, Z. Zeng et al., “The possible role of the Akt
signaling pathway in schizophrenia,” Brain Research, vol. 1470,
pp. 145–158, 2012.
R. Levi-Montalcini, “The nerve growth factor and the neuroscience chess board,” Progress in brain research, vol. 146, pp. 525–
527, 2004.

8
[29] G. N. Chaldakov, I. S. Stankulov, M. Fiore, P. I. Ghenev, and L.
Aloe, “Nerve growth factor levels and mast cell distribution in
human coronary atherosclerosis,” Atherosclerosis, vol. 159, no. 1,
pp. 57–66, 2001.
[30] L. Manni, V. Nikolova, D. Vyagova, G. N. Chaldakov, and L.
Aloe, “Reduced plasma levels of NGF and BDNF in patients
with acute coronary syndromes,” International Journal of Cardiology, vol. 102, no. 1, pp. 169–171, 2005.
[31] H. T. Cheng, J. R. Dauch, J. M. Hayes, B. M. Yanik, and
E. L. Feldman, “Nerve growth factor/p38 signaling increases
intraepidermal nerve fiber densities in painful neuropathy of
type 2 diabetes,” Neurobiology of Disease, vol. 45, no. 1, pp. 280–
287, 2012.
[32] G. N. Chaldakov, M. Fiore, I. S. Stankulov et al., “Neurotrophin
presence in human coronary atherosclerosis and metabolic syndrome: a role for NGF and BDNF in cardiovascular disease?”
Progress in Brain Research, vol. 146, pp. 279–289, 2004.
[33] R. Romon, E. Adriaenssens, C. Lagadec, E. Germain, H. Hondermarck, and X. le Bourhis, “Nerve growth factor promotes
breast cancer angiogenesis by activating multiple pathways,”
Molecular Cancer, vol. 9, article 157, 2010.
[34] D. Deponti, R. Buono, G. Catanzaro et al., “The low-affinity
receptor for neurotrophins p75 NTR plays a key role for satellite
cell function in muscle repair acting via RhoA,” Molecular
Biology of the Cell, vol. 20, no. 16, pp. 3620–3627, 2009.
[35] Y. Bai, P. Dergham, H. Nedev et al., “Chronic and acute models
of retinal neurodegeneration TrkA activity are neuroprotective
whereas p75NTR activity is neurotoxic through a paracrine
mechanism,” The Journal of Biological Chemistry, vol. 285, no.
50, pp. 39392–39400, 2010.
[36] S. Verbeke, S. Meignan, C. Lagadec et al., “Overexpression
of p75NTR increases survival of breast cancer cells through
p21waf1,” Cellular Signalling, vol. 22, no. 12, pp. 1864–1873, 2010.
[37] K.-F. Lee, A. M. Davies, and R. Jaenisch, “p75-deficient embryonic dorsal root sensory and neonatal sympathetic neurons
display a decreased sensitivity to NGF,” Development, vol. 120,
no. 4, pp. 1027–1033, 1994.
[38] M. Bothwell, “Tissue localization of nerve growth factor and
nerve growth factor receptors,” Current Topics in Microbiology
and Immunology, vol. 165, pp. 55–70, 1991.
[39] G. Niewiadomska, A. Mietelska-Porowska, and M.
Mazurkiewicz, “The cholinergic system, nerve growth factor
and the cytoskeleton,” Behavioural Brain Research, vol. 221, no.
2, pp. 515–526, 2011.
[40] S. K. Mahata, M. Mahata, H. Wu, R. J. Parmer, and D. T.
O’Connor, “Neurotrophin activation of catecholamine storage
vesicle protein gene expression: signaling to chromogranin a
biosynthesis,” Neuroscience, vol. 88, no. 2, pp. 405–424, 1999.
[41] W.-H. Zheng, S. Kar, and R. Quirion, “Insulin-like growth
factor-1-induced phosphorylation of transcription factor
FKHRL1 is mediated by phosphatidylinositol 3-kinase/Akt
kinase and role of this pathway in insulin-like growth factor-1induced survival of cultured hippocampal neurons,” Molecular
Pharmacology, vol. 62, no. 2, pp. 225–233, 2002.
[42] Y.-P. Xia, R.-L. Dai, Y.-N. Li et al., “The protective effect of sonic
hedgehog is mediated by the phosphoinositide [corrected] 3kinase/AKT/Bcl-2 pathway in cultured rat astrocytes under
oxidative stress,” Neuroscience, vol. 209, pp. 1–11, 2012.
[43] H. Wang, X. Zhou, J. Huang et al., “The role of Akt/FoxO3a
in the protective effect of venlafaxine against corticosteroneinduced cell death in PC12 cells,” Psychopharmacology, vol. 228,
no. 1, pp. 129–141, 2013.

BioMed Research International
[44] W.-H. Zheng, S. Kar, and R. Quirion, “FKHRL1 and its
homologs are new targets of nerve growth factor Trk receptor
signaling,” Journal of Neurochemistry, vol. 80, no. 6, pp. 1049–
1061, 2002.
[45] W.-H. Zheng and R. Quirion, “Glutamate acting on N-methylD-aspartate receptors attenuates insulin-like growth factor-1
receptor tyrosine phosphorylation and its survival signaling
properties in rat hippocampal neurons,” The Journal of Biological Chemistry, vol. 284, no. 2, pp. 855–861, 2009.
[46] W. Huang, G. Li, J. Qiu, P. Gonzalez, and P. Challa, “Protective
effects of resveratrol in experimental retinal detachment,” PLoS
ONE, vol. 8, no. 9, Article ID e75735, 2013.
[47] W. Chen, J. L. Martindale, N. J. Holbrook, and Y. Liu, “Tumor
promoter arsenite activates extracellular signal-regulated kinase
through a signaling pathway mediated by epidermal growth
factor receptor and Shc,” Molecular and Cellular Biology, vol. 18,
no. 9, pp. 5178–5188, 1998.
[48] Z. Wang, Y. Liu, M. Takahashi et al., “N terminus of ASPP2
binds to Ras and enhances Ras/Raf/MEK/ERK activation to
promote oncogene-induced senescence,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 110, no. 1, pp. 312–317, 2013.
[49] Y.-T. Oh, P. Yue, W. Zhou et al., “Oncogenic Ras and BRaf proteins positively regulate death receptor 5 expression
through co-activation of ERK and JNK signaling,” The Journal
of Biological Chemistry, vol. 287, no. 1, pp. 257–267, 2012.
[50] H.-C. Cheng, H.-M. Shih, and Y. Chern, “Essential role of
cAMP-response element-binding protein activation by A2𝐴
adenosine receptors in rescuing the nerve growth factorinduced neurite outgrowth impaired by blockage of the MAPK
cascade,” The Journal of Biological Chemistry, vol. 277, no. 37, pp.
33930–33942, 2002.
[51] C. Cabeza, A. Figueroa, O. M. Lazo et al., “Cholinergic abnormalities, endosomal alterations and up-regulation of nerve
growth factor signaling in Niemann-Pick type C disease,”
Molecular Neurodegeneration, vol. 7, article 11, 2012.
[52] H. S. Je, F. Yang, Y. Ji, G. Nagappan, B. L. Hempstead, and B.
Lu, “Role of pro-brain-derived neurotrophic factor (proBDNF)
to mature BDNF conversion in activity-dependent competition
at developing neuromuscular synapses,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, no. 39, pp. 15924–15929, 2012.
[53] A. W. Harrington, J. Y. Kim, and S. O. Yoon, “Activation of
Rac GTPase by p75 is necessary for c-jun N-terminal kinasemediated apoptosis,” Journal of Neuroscience, vol. 22, no. 1, pp.
156–166, 2002.
[54] J. Liu and A. Lin, “Role of JNK activation in apoptosis: a doubleedged sword,” Cell Research, vol. 15, no. 1, pp. 36–42, 2005.
[55] M. Hamanoue, G. Middleton, S. Wyatt, E. Jaffray, R. T. Hay,
and A. M. Davies, “p75-Mediated NF-𝜅B activation enhances
the survival response of developing sensory neurons to nerve
growth factor,” Molecular and Cellular Neurosciences, vol. 14, no.
1, pp. 28–40, 1999.
[56] P. A. Barker and E. M. Shooter, “Disruption of NGF binding to
the low affinity neurotrophin receptor p75LNTR reduces NGF
binding to TrkA on PC12 cells,” Neuron, vol. 13, no. 1, pp. 203–
215, 1994.
[57] P. A. Hantzopoulos, C. Suri, D. J. Glass, M. P. Goldfarb, and
G. D. Yancopoulos, “The low affinity NGF receptor, p75, can
collaborate with each of the Trks to potentiate functional
responses to the neurotrophins,” Neuron, vol. 13, no. 1, pp. 187–
201, 1994.

BioMed Research International
[58] D. Mahadeo, L. Kaplan, M. V. Chao, and B. L. Hempstead,
“High affinity nerve growth factor binding displays a faster rate
of association than p140trk binding. Implications for multisubunit polypeptide receptors,” Journal of Biological Chemistry,
vol. 269, no. 9, pp. 6884–6891, 1994.
[59] T. Wehrman, X. He, B. Raab, A. Dukipatti, H. Blau, and K. C.
Garcia, “Structural and mechanistic insights into nerve growth
factor interactions with the TrkA and p75 receptors,” Neuron,
vol. 53, no. 1, pp. 25–38, 2007.
[60] S. L. Mansberger, B. A. Hughes, M. O. Gordon et al., “Comparison of initial intraocular pressure response with topical 𝛽adrenergic antagonists and prostaglandin analogues in African
American and white individuals in the ocular hypertension
treatment study,” Archives of Ophthalmology, vol. 125, no. 4, pp.
454–459, 2007.
[61] N. Comes and T. Borrás, “Individual molecular response to
elevated intraocular pressure in perfused postmortem human
eyes,” Physiological Genomics, vol. 38, no. 2, pp. 205–225, 2009.
[62] B. J. Frankfort, A. Kareem Khan, D. Y. Tse et al., “Elevated
intraocular pressure causes inner retinal dysfunction before cell
loss in a mouse model of experimental glaucoma,” Investigative
Ophthalmology & Visual Science, vol. 54, no. 1, pp. 762–770,
2013.
[63] S.-P. Cai, P. Muhemaiti, Y. Yin et al., “A novel MYOC heterzygous mutation identified in a Chinese Uygur pedigree with
primary open-angle glaucoma,” Molecular Vision, vol. 18, pp.
1944–1951, 2012.
[64] V. Mendoza-Reinoso, T. S. Patil, M. L. Guevara-Fujita et al.,
“Novel and known MYOC exon 3 mutations in an admixed
Peruvian primary open-angle glaucoma population,” Molecular
Vision, vol. 18, pp. 2067–2075, 2012.
[65] B. J. Fan and J. L. Wiggs, “Glaucoma: genes, phenotypes, and
new directions for therapy,” The Journal of Clinical Investigation,
vol. 120, no. 9, pp. 3064–3072, 2010.
[66] J. B. Jonas, A. Bergua, P. Schmitz-Valckenberg, K. I. Papastathopoulos, and W. M. Budde, “Ranking of optic disc variables
for detection of glaucomatous optic nerve damage,” Investigative
Ophthalmology and Visual Science, vol. 41, no. 7, pp. 1764–1773,
2000.
[67] C. T. Fu and D. W. Sretavan, “Ectopic vesicular glutamate release
at the optic nerve head and axon loss in mouse experimental
glaucoma,” The Journal of Neuroscience, vol. 32, no. 45, pp.
15859–15876, 2012.
[68] B. Junglas, S. Kuespert, A. A. Seleem et al., “Connective
tissue growth factor causes glaucoma by modifying the actin
cytoskeleton of the trabecular meshwork,” The American Journal of Pathology, vol. 180, no. 6, pp. 2386–2403, 2012.
[69] J. T. Wang, Z. A. Medress, and B. A. Barres, “Axon degeneration:
molecular mechanisms of a self-destruction pathway,” Journal of
Cell Biology, vol. 196, no. 1, pp. 7–18, 2012.
[70] Y. Lei, N. Garrahan, B. Hermann et al., “Topography of neuron
loss in the retinal ganglion cell layer in human glaucoma,”
British Journal of Ophthalmology, vol. 93, no. 12, pp. 1676–1679,
2009.
[71] C. V. Borlongan, “Recent preclinical evidence advancing cell
therapy for Alzheimer's disease,” Experimental Neurology, vol.
237, no. 1, pp. 142–146, 2012.
[72] L.-Y. Li, J.-T. Li, Q.-Y. Wu et al., “Transplantation of NGFgene-modified bone marrow stromal cells into a rat model of
Alzheimer’ disease,” Journal of Molecular Neuroscience, vol. 34,
no. 2, pp. 157–163, 2008.

9
[73] N. Agarwal, R. Agarwal, D. M. Kumar et al., “Comparison
of expression profile of neurotrophins and their receptors in
primary and transformed rat retinal ganglion cells,” Molecular
Vision, vol. 13, pp. 1311–1318, 2007.
[74] S. Cohen-Cory and B. Lom, “Neurotrophic regulation of retinal
ganglion cell synaptic connectivity: from axons and dendrites to
synapses,” International Journal of Developmental Biology, vol.
48, no. 8-9, pp. 947–956, 2004.
[75] V. Sposato, V. Parisi, L. Manni et al., “Glaucoma alters the
expression of NGF and NGF receptors in visual cortex and
geniculate nucleus of rats: effect of eye NGF application,” Vision
Research, vol. 49, no. 1, pp. 54–63, 2009.
[76] M. Rudzinski, T.-P. Wong, and H. U. Saragovi, “Changes in
retinal expression of neurotrophins and neurotrophin receptors
induced by ocular hypertension,” Journal of Neurobiology, vol.
58, no. 3, pp. 341–354, 2004.
[77] S. Capsoni, C. Tiveron, D. Vignone, G. Amato, and A. Cattaneo, “Dissecting the involvement of tropomyosin-related
kinase A and p75 neurotrophin receptor signaling in NGF
deficit-induced neurodegeneration,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 107, no.
27, pp. 12299–12304, 2010.
[78] S. Capsoni, C. Tiveron, G. Amato, D. Vignone, and A.
Cattaneo, “Peripheral neutralization of nerve growth factor
induces immunosympathectomy and central neurodegeneration in transgenic mice,” Journal of Alzheimer’s Disease, vol. 20,
no. 2, pp. 527–546, 2010.
[79] J. M. Conner, K. M. Franks, A. K. Titterness et al., “NGF is
essential for hippocampal plasticity and learning,” The Journal
of Neuroscience, vol. 29, no. 35, pp. 10883–10889, 2009.
[80] G. Carmignoto, R. Canella, P. Candeo, M. C. Comelli, and L.
Maffei, “Effects of nerve growth factor on neuronal plasticity of
the kitten visual cortex,” The Journal of Physiology, vol. 464, pp.
343–360, 1993.
[81] S. T. Lockhart, J. N. Mead, J. M. Pisano, J. D. Slonimsky, and S. J.
Birren, “Nerve growth factor collaborates with myocyte-derived
factors to promote development of presynaptic sites in cultured
sympathetic neurons,” Journal of Neurobiology, vol. 42, no. 4, pp.
460–476, 2000.
[82] Y. Liu, K. F. Meiri, M. S. Cynader, and Q. Gu, “Nerve growth
factor induced modification of presynaptic elements in adult
visual cortex in vivo,” Brain Research, vol. 732, no. 1-2, pp. 36–42,
1996.
[83] K. K. McDonald, K. Abramson, M. A. Beltran et al., “Myocilin
and optineurin coding variants in Hispanics of Mexican descent
with POAG,” Journal of Human Genetics, vol. 55, no. 10, pp. 697–
700, 2010.
[84] T. Rezaie, A. Child, R. Hitchings et al., “Adult-onset primary
open-angle glaucoma caused by mutations in optineurin,”
Science, vol. 295, no. 5557, pp. 1077–1079, 2002.
[85] B.-C. Park, M. Tibudan, M. Samaraweera, X. Shen, and B. Y. J. T.
Yue, “Interaction between two glaucoma genes, optineurin and
myocilin,” Genes to Cells, vol. 12, no. 8, pp. 969–979, 2007.
[86] T. Koga, X. Shen, J.-S. Park et al., “Differential effects of myocilin
and optineurin, two glaucoma genes, on neurite outgrowth,”
The American Journal of Pathology, vol. 176, no. 1, pp. 343–352,
2010.
[87] W. C. Skarnes, B. Rosen, A. P. West et al., “A conditional
knockout resource for the genome-wide study of mouse gene
function,” Nature, vol. 474, no. 7351, pp. 337–342, 2011.
[88] B. S. Kim, O. V. Savinova, M. V. Reedy et al., “Targeted
disruption of the myocilin gene (Myoc) suggests that human

10

[89]

[90]

[91]

[92]

[93]

[94]
[95]

[96]

[97]
[98]

[99]

[100]

[101]

[102]

[103]

BioMed Research International
glaucoma-causing mutations are gain of function,” Molecular
and Cellular Biology, vol. 21, no. 22, pp. 7707–7713, 2001.
J. Kohn, R. S. Aloyz, J. G. Toma, M. Haak-Frendscho, and
F. D. Miller, “Functionally antagonistic interactions between
the TrkA and p75 neurotrophin receptors regulate sympathetic
neuron growth and target innervation,” Journal of Neuroscience,
vol. 19, no. 13, pp. 5393–5408, 1999.
S. O. Yoon, P. Casaccia-Bonnefil, B. Carter, and M. V. Chao,
“Competitive signaling between TrkA and p75 nerve growth
factor receptors determines cell survival,” The Journal of Neuroscience, vol. 18, no. 9, pp. 3273–3281, 1998.
S. X. Bamji, M. Majdan, C. D. Pozniak et al., “The p75 neurotrophin receptor mediates neuronal apoptosis and is essential
for naturally occurring sympathetic neuron death,” The Journal
of Cell Biology, vol. 140, no. 4, pp. 911–923, 1998.
Z. Shi, E. Birman, and H. U. Saragovi, “Neurotrophic rationale
in glaucoma: a TrkA agonist, but not NGF or a p75 antagonist,
protects retinal ganglion cells in vivo,” Developmental Neurobiology, vol. 67, no. 7, pp. 884–894, 2007.
F. Lebrun-Julien, B. Morquette, A. Douillette, H. U. Saragovi,
and A. Di Polo, “Inhibition of p75NTR in glia potentiates TrkAmediated survival of injured retinal ganglion cells,” Molecular
and Cellular Neuroscience, vol. 40, no. 4, pp. 410–420, 2009.
B. D. Carter and G. R. Lewint, “Neurotrophins live or let die:
does p75(NTR) decide?” Neuron, vol. 18, no. 2, pp. 187–190, 1997.
J. M. Cosgaya, J. R. Chan, and E. M. Shooter, “The neurotrophin
receptor p75NTR as a positive modulator of myelination,”
Science, vol. 298, no. 5596, pp. 1245–1248, 2002.
S. Capsoni, G. Ugolini, A. Comparini, F. Ruberti, N. Berardi,
and A. Cattaneo, “Alzheimer-like neurodegeneration in aged
antinerve growth factor transgenic mice,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 97, no. 12, pp. 6826–6831, 2000.
L. Olson, “NGF and the treatment of Alzheimer’s disease,”
Experimental Neurology, vol. 124, no. 1, pp. 5–15, 1993.
V. Colafrancesco, V. Parisi, V. Sposato et al., “Ocular application
of nerve growth factor protects degenerating retinal ganglion
cells in a rat model of glaucoma,” Journal of Glaucoma, vol. 20,
no. 2, pp. 100–108, 2011.
A. Lambiase, L. Aloe, M. Centofanti et al., “Experimental and
clinical evidence of neuroprotection by nerve growth factor eye
drops: implications for glaucoma,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 106, no.
32, pp. 13469–13474, 2009.
K. Akassoglou, “Nerve growth factor-independent neuronal
survival: a role for NO donors,” Molecular Pharmacology, vol.
68, no. 4, pp. 952–955, 2005.
M. H. Tuszynski, L. Thal, M. Pay et al., “A phase 1 clinical trial of
nerve growth factor gene therapy for Alzheimer disease,” Nature
Medicine, vol. 11, no. 5, pp. 551–555, 2005.
S. M. Massa, Y. Xie, and F. M. Longo, “Alzheimer’s therapeutics:
neurotrophin domain small molecule mimetics,” Journal of
Molecular Neuroscience, vol. 20, no. 3, pp. 323–326, 2003.
K. Lee, E. A. Silva, and D. J. Mooney, “Growth factor deliverybased tissue engineering: general approaches and a review of
recent developments,” Journal of the Royal Society Interface, vol.
8, no. 55, pp. 153–170, 2011.

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 547187, 13 pages
http://dx.doi.org/10.1155/2014/547187

Research Article
NGF Accelerates Cutaneous Wound Healing by
Promoting the Migration of Dermal Fibroblasts via
the PI3K/Akt-Rac1-JNK and ERK Pathways
Ji-Cai Chen,1 Bei-Bei Lin,2 Hou-Wen Hu,2 Cai Lin,3 Wen-Yang Jin,4 Fa-Biao Zhang,4
Yan-An Zhu,4 Cai-Jiao Lu,3 Xiao-Jie Wei,5 and Rui-Jie Chen6
1

Department of Gastrointestinal Surgery, The First Affiliate Hospital, Wenzhou Medical University, Wenzhou 325035, China
School of Pharmacy, Wenzhou Medical University, Wenzhou 325035, China
3
Wound Treatment Center, The First Affiliate Hospital, Wenzhou Medical University, Wenzhou 325000, China
4
Emergency Department, Taizhou Hospital, Wenzhou Medical University, Taizhou 318000, China
5
Translation Medicine Research Center, Cixi People’s Hospital, Wenzhou Medical University, Ningbo 315300, China
6
Departmant of Pharmacy, The Second Affiliate Hospital, Wenzhou Medical University, Wenzhou 325000, China
2

Correspondence should be addressed to Xiao-Jie Wei; cxweixiaojie@126.com and Rui-Jie Chen; wzhoucrj@126.com
Received 6 March 2014; Accepted 12 April 2014; Published 21 May 2014
Academic Editor: Jian Xiao
Copyright © 2014 Ji-Cai Chen et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
As a well-known neurotrophic factor, nerve growth factor (NGF) has also been extensively recognized for its acceleration of healing
in cutaneous wounds in both animal models and randomized clinical trials. However, the underlying mechanisms accounting
for the therapeutic effect of NGF on skin wounds are not fully understood. NGF treatment significantly accelerated the rate of
wound healing by promoting wound reepithelialization, the formation of granulation tissue, and collagen production. To explore
the possible mechanisms of this process, the expression levels of CD68, VEGF, PCNA, and TGF-𝛽1 in wounds were detected
by immunohistochemical staining. The levels of these proteins were all significantly raised in NGF-treated wounds compared to
untreated controls. NGF also significantly promoted the migration, but not the proliferation, of dermal fibroblasts. NGF induced
a remarkable increase in the activity of PI3K/Akt, JNK, ERK, and Rac1, and blockade with their specific inhibitors significantly
impaired the NGF-induced migration. In conclusion, NGF significantly accelerated the healing of skin excisional wounds in rats
and the fibroblast migration induced by NGF may contribute to this healing process. The activation of PI3K/Akt, Rac1, JNK, and
ERK were all involved in the regulation of NGF-induced fibroblast migration.

1. Introduction
The skin is the largest organ in the body, covering the entire
external surface, and it has many different functions. The skin
primarily acts as a protective physical barrier between the
host and the external environment against numerous insults,
and it serves to prevent excessive loss of body water while
also possessing other critical functions including immune
surveillance, sensory detection, and self-healing. The breakdown of skin integrity because of injury or illness such
as diabetes, pressure, or venous stasis results in substantial

physiologic imbalance and renders a patient vulnerable to
a number of pathologic conditions, such as infection, fluid
loss, and electrolyte imbalance [1]. Therefore, the efficient
and complete healing of cutaneous wounds is undoubtedly
critical.
The healing of skin wounds is a complex process involving
a series of sequential and overlapping phases such as clotting, inflammatory infiltration, reepithelialization, and the
formation of granulation tissue, followed by tissue remodeling and wound contraction [2]. This process requires the
collaboration of a variety of tissue and cell types, including
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inflammatory cells, fibroblasts, keratinocytes, endothelial
cells, and macrophages. These cells are tightly regulated by
cytokines, growth factors, and extracellular matrix (ECM)
molecules [3]. Inflammatory cells, keratinocytes, and fibroblasts in the wound area and border produce and release
a variety of growth factors such as platelet-derived growth
factor (PDGF), epidermal growth factor (EGF), fibroblast
growth factor (FGF), transforming growth factor (TGF), and
nerve growth factor (NGF) [4]. Local or topical application
of exogenous growth factors and cytokines has also been
reported to accelerate the repair of acute and chronic wounds
[5].
NGF is the first isolated and best-characterized member
of a neurotrophin family. NGF exerts a crucial role in
survival, differentiation, and function of peripheral sensory
and sympathetic nerves and brain neurons of mammals [6].
Additionally, accumulating evidence has shown that NGF
plays a prominent role in promoting healing processes. NGF
levels are significantly higher at wounded sites after skin
punching than at uninjured control skin sites [7]. The removal
of the submaxillary glands, tissues storing large amounts
of NGF, substantially affects recovery of wound healing in
mouse skin, and when purified NGF is topically applied
to mice without submandibular glands, the rate of wound
contraction is markedly accelerated [8]. The application of
NGF to cutaneous wounds accelerated the rate of wound
healing in both normal and healing-impaired diabetic mice
[7]. Topical application of NGF also promotes skin ulcer
healing in patients with pressure ulcers [9]. However, the regulatory mechanism underlying NGF-accelerated cutaneous
wound healing is not yet completely understood. Thus, the
underlying mechanism deserves further investigations.
Dermal fibroblasts play critical roles in all three phases
of wound healing. After wounding, fibroblasts are attracted
from the edge of the wound or from the bone marrow [10].
At the inflammation stage, fibroblasts produce a variety of
chemokines [11]. At the stage of new tissue formation, fibroblasts are stimulated by macrophages and some differentiate
into myofibroblasts. Fibroblasts interact with myofibroblasts
to produce extracellular matrix, mainly in the form of
collagen [12]. At the stage of tissue remodeling, most of the
myofibroblasts, macrophages, and endothelial cells undergo
apoptosis or exit from the wound, leaving a mass that
contains few cells and consists mostly of collagen and other
extracellular matrix proteins [1]. However, the effect of NGF
on dermal fibroblasts is largely unknown.
To address these questions, the present study first examined the effect of topical NGF on wound healing in a rat
skin excisional wound model and then further explored the
possible mechanisms of wound-healing promoted by NGF. In
light of the crucial role that dermal fibroblasts play in wound
healing, we mainly focused on investigating the effect of NGF
on dermal fibroblasts and underlying signal pathways.

2. Results
2.1. NGF Accelerated the Rate of Cutaneous Wound Healing.
The healing of skin excisional wounds in rats was determined
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by the percentage of the wound surface covered by regenerating epidermis. NGF-treated wounds exhibited accelerated
skin wound closure in Sprague-Dawley rats compared with
saline-treated wounds (Figure 1(a)). The enhancement of
wound healing appeared as early as at 2 days following
treatment with the three different doses of NGF (Figure 1(b)).
Although 10 𝜇g or 20 𝜇g of NGF treatment demonstrated an
accelerated speed in wound closure, the group treated with
40 𝜇g NGF did not show a significant difference from the
saline-treated control between 6 days of treatment and the
end of the experiment. After treatment with 10 𝜇g or 20 𝜇g
of NGF for 10 days, the cutaneous wound was nearly closed,
while the saline-treated group still showed a much larger
wound area. It seems that topical NGF treatment reaches
its maximal effect in wound healing at 20 𝜇g topically per
wound. Therefore, the 20 𝜇g NGF treatment was chosen for
our later experiment.
2.2. NGF Promoted Reepithelialization, Granulation Tissue
Formation, and Collagen Production. Excisional skin wounds
are healed through lateral migration of keratinocytes, called
reepithelialization, followed by inward migration of dermal
cells. The rate of wound closure was well matched to the
histological observations in wounds by hematoxylin and
eosin staining (Figure 2(a)). The NGF-treated wounds exhibited substantially more reepithelialization than the salinetreated wounds. Longer reepithelialized tongues (ReT) could
be clearly visualized after 14 days of 20 𝜇g NGF treatment
compared to saline-treated controls (Figure 2(a)). In addition, the granulation tissue formed in NGF-treated wounds
appeared to be thicker and larger than saline-treated control.
The sections stained with Masson’s trichrome were shown in
Figure 2(b). There was a mild increase in collagen production
in NGF-treated wounds compared with the saline-treated
controls. Although collagen staining was light and unevenly
distributed, the collagen content in NGF-treated wounds
was higher than in saline-treated controls at 3 days after
wounding. The collagen in NGF-treated wounds at 21 days
after wounding was more mature than in saline-treated
controls.
2.3. NGF Enhanced the Expression of TGF-𝛽1 and PCNA
in Wound. It has been extensively reported that collagen
synthesis is modulated by the profibrotic cytokine transforming growth factor 𝛽 (TGF-𝛽). We therefore investigated
the expression of TGF-𝛽1 in NGF-treated and saline-treated
wounds. As shown in Figures 3(a) and 3(c), the expression of
TGF-𝛽1 in NGF-treated wounds was significantly increased
at 3 days and 7 days after wounding compared to salinetreated controls. However, the expression of TGF-𝛽1 in the
NGF-treated wound was significantly decreased at 14 days
after wounding. To explore the effect of NGF treatment on
cell proliferation, the expression of PCNA, a marker of cell
proliferation, in the wound tissues was detected by immunohistochemical staining using an anti-PCNA antibody. As
shown in Figures 3(b) and 3(d), the expression of PCNA
was significantly induced in NGF-treated wounds compared
with the saline-treated control at the early time points, 3 days
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Figure 1: Wound closure after NGF treatment in rat. (a) Representative photographs of skin full-thickness excisional wounds in rat treated
topically every other day with saline control or 10, 20, or 40 𝜇g/mL of NGF for 8, 10, 12, and 14 days after wounding. (b) The rate of wound
healing after different concentrations of NGF treatment. ∗ 𝑃 < 0.05, compared to saline-treated control; # 𝑃 < 0.05, compared to 40 𝜇g/mL
NGF group; 𝑛 = 7.
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Figure 2: Histological structure of wounded skin sections. (a) Hematoxylin and eosin stainingof wound healing at 14 days after wounding
(×40). As compared with saline-treated control, epithelial crawling (the distance between two black arrows as indicated) in NGF-treated
wounds advanced more rapidly, and more granulation tissue was found in the NGF-treated wound. (b) Masson’s trichrome staining of the
wounded skin sections with saline or NGF treatment for 3 and 21 days after wounding (×200). There is a mild increase of collagen content
(green) in NGF-treated wound tissue compared with saline-treated controls at different times after wounding.

and 7 days after wounding. However, there was no significant
difference in PCNA expression between NGF-treated and
saline-treated wounds at 14 days after wounding. These data
suggest that NGF can promote cell proliferation and collagen
production.

2.4. NGF Upregulated the Levels of CD68 and VEGF in
Wounds. The inflammatory response is instrumental for
supplying the growth factor and cytokine signals that orchestrate the cell and tissue movements necessary for repair
during wound healing. The expression of CD68, a marker
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for macrophages, was detected by immunohistochemical
staining. As shown in Figures 4(a) and 4(c), there were more
cells positive for CD68 in NGF-treated wounds than in salinetreated controls at 3 days and 7 days after wounding. However,
the level of CD68 expression in NGF-treated wounds was
lower than in saline-treated controls at 14 days and 21
days after wounding. These results suggested that NGF was
involved in the early stage of inflammation by recruiting
inflammatory cells such as macrophages. The expression
of VEGF, a proangiogenic growth factor, in NGF-treated
wounds was investigated by immunohistochemical staining.
As shown in Figures 4(b) and 4(d), there were more cells
positively stained for VEGF in NGF-treated wounds than in
saline-treated controls at 3 days and 7 days after wounding.
However, the cells positive for VEGF were significantly
downregulated at 14 days after wounding, while VEGF was
undetectable in both NGF-treated and saline-treated wounds
at 21 days after wounding. Thus, NGF might promote angiogenesis in cutaneous wounds by upregulating the expression
of VEGF during the early stage of wound healing.
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the NGF-enhanced fibroblast migration was also significantly
impaired in a wound-healing assay (Figure 6(B3)).
Similarly, ERK activity was significantly enhanced after
treatment with 100 ng/mL of NGF (Figure 6(C1)). While the
specific inhibitor for ERK, PD98059, markedly blocked the
NGF-induced phosphorylation of ERK in cultured fibroblasts
(Figure 6(C2)). When cells were pretreated with PD98059,
NGF-induced fibroblast migration in the wound-healing
assay was clearly reduced (Figure 6(C3)).
As shown in Figures 6(D1) and 6(D2), although total Rac1
content seemed unchanged after treatment with 100 ng/mL
NGF, the level of active Rac1 was significantly increased over
untreated controls as early as 5 min after NGF stimulation,
and it remained high until 15 min. Thus, NGF can increase
Rac1 activity, implying that Rac1 is probably involved in NGFinduced fibroblast migration. Taken together, these results
suggest that PI3K/Akt, JNK, ERK, and Rac1 are all involved in
the regulation of NGF-induced dermal fibroblast migration.

3. Discussion
2.5. NGF Induced the Migration, but Not Proliferation, of
Cultured Dermal Fibroblasts. In light of the critical role
fibroblasts play in cutaneous wound healing, we focused on
the effect of NGF on cultured human dermal fibroblast. The
effect of NGF on fibroblast proliferation was investigated
with MTT assays. As shown in Figure 5(a), incubating the
fibroblasts with different doses of NGF for 24 h did not
promote fibroblast proliferation. In contrast, basic fibroblast
growth factor (bFGF) could significantly induce fibroblast
proliferation when incubated for 24 h (data not shown).
However, fibroblast migration was remarkably induced by
treatment with 100 ng/mL of NGF as compared to salinetreated control (Figures 5(b) and 5(c)). Thus, NGF plays a
crucial role in fibroblast migration. The fibroblast migration
enhanced by NGF may contribute to NGF-accelerated wound
healing in excisional wounds in rat.
2.6. PI3K/Akt, Rac1, JNK, and ERK Were Involved in NGFPromoted Fibroblast Migration. To clarify which signaling
pathways are involved in the regulation of human fibroblast
migration promoted by NGF, we further investigated the
respective roles of PI3K/Akt, Rac1, JNK, and ERK in NGFaccelerated fibroblast migration.
As shown in Figure 6(A1), 100 ng/mL NGF sharply raised
the activity of Akt at 5, 15, and 30 min after treatment,
though its peak effect was reached at 5 min. The NGF-induced
increase in Akt phosphorylation in cultured human dermal
fibroblasts was completely inhibited by LY294002, a specific
inhibitor for Akt (Figure 6(A2)). When cells were pretreated
with LY294002, NGF-induced fibroblast migration in the
wound-healing assay was obviously impaired (Figures 6(A3)
and 6(A4)).
The level of the phosphorylated JNK was significantly
increased after stimulation with NGF (Figure 6(B1)). As
shown in Figure 6(B2), when incubated with SP600125, a
specific inhibitor for JNK, the NGF-induced phosphorylation
of JNK in cultured fibroblasts, was completely blocked; thus

Wound healing is an orderly and coordinated tissue repair
process mainly consisting of three overlapping phases:
inflammation, granulation tissue formation, and tissue remodeling. The healing process is highly regulated by cytokines, growth factors, and inflammatory mediators released
from residential cells and infiltrating inflammatory cells in
cutaneous wound tissue [1]. In intact skin, NGF is constitutively expressed by a variety of cell types, including fibroblasts
and keratinocytes [13–15]. After skin wounding, the level of
NGF is markedly upregulated, especially in the neonate [16].
The two specific receptors for NGF, p75NTR and TrkA, are
expressed on the surfaces of various types of cells in the skin,
including keratinocytes, melanocytes, fibroblasts, and mast
cells [17–20]. The removal of the submaxillary glands, which
store large amounts of NGF, substantially affects recovery
after wound healing in mouse skin [8]. All of these findings
suggest that NGF may play an important role in cutaneous
biology and wound healing.
Indeed, it has been reported that topical application of
NGF to cutaneous wounds hastened wound healing in normal and healing-impaired diabetic mice [7, 21]. A randomized clinical trial has also indicated that topical application
of NGF could accelerate the wound-healing process in 18
selected patients with pressure ulcers of the foot [22]. We
made a full-thickness excisional skin wound model in rats
and topically applied different doses of NGF every other day
to the wound. Our results showed that topical application of
NGF with doses of 10 𝜇g or 20 𝜇g per wound also significantly
accelerated the rate of wound healing in rats and enhanced
wound reepithelialization and the formation of granulation
tissue. Further increasing the dose to 40 𝜇g showed less of an
effect on wound healing.
By immunohistochemical staining for PCNA, NGF obviously increased the cell proliferation in wound area. NGF
significantly stimulates the proliferation of normal human
keratinocytes in culture in a dose-dependent manner [13].
NGF has been shown to elicit broad biologic functions in
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Figure 5: The effect of NGF on the proliferation and migration of human skin fibroblasts. (a) Cultured human dermal fibroblasts were
incubated with different concentrations of NGF protein (0, 10, 100, and 1000 ng/mL) for 24 h, and cell proliferation was assessed by MTT
assay. (b) Wound-healing assay of cultured human skin fibroblasts treated with saline or 100 ng/mL NGF for 24 h. (c) The migration rate of
cultured fibroblasts after wounding is expressed as migration distance/time (𝜇m/h). ∗ 𝑃 < 0.05, compared to control group.

inflammatory cells such as murine neutrophils and macrophages in the process of inflammation [23]. In agreement with
this, we also found a significant increase in staining for CD68,
a marker for macrophages, at the first week after NGF treatment, implying that NGF could recruit inflammatory cells
including macrophages into the wound area at the inflammation stage of wound healing. There was also a mild increase
in collagen content in healing wounds in the NGF-treated

group compared to untreated controls, as demonstrated by
Masson’s trichrome staining. It has been reported that NGF
does not influence the production of collagen in cultured
fibroblasts, which is different from our finding [24]. This
difference is probably attributable to the more sophisticated
healing microenvironment in vivo involving the interaction
of NGF with other growth factors and extracellular matrix
molecules.
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control group.

TGF-𝛽1 has been extensively reported to elicit collagen
synthesis in fibroblasts [25]; we measured the expression
of TGF-𝛽1 in wounds and found that the level of TGF-𝛽1
was significantly increased in NGF-treated wounds compared
with untreated controls. This implies that NGF may promote
collagen production in wounds by upregulating the expression of TGF-beta. It has been suggested that supplementation
of NGF promotes angiogenesis in mice with limb ischemia
through a VEGF-dependent mechanism [26]. Consistent
with this, we detected a significant increase in VEGF levels
in wounds during the first week following NGF treatment.
However, at 14 days after NGF treatment, the expression
of VEGF in wounds was much lower than in untreated
controls because the NGF-treated wounds were nearly closed.
NGF did not promote the proliferation of cultured dermal
fibroblasts derived from human foreskins, which is consistent
with the findings of Micera et al. [24]. However, the migration ability of dermal fibroblasts was significantly enhanced
following NGF treatment, suggesting that NGF-induced
fibroblast migration may also contribute to NGF-accelerated
skin wound healing in vivo. Our results, combined with
others’ reports, demonstrate that NGF influences woundhealing, probably by regulating inflammation and promoting
angiogenesis and the proliferation of keratinocytes.
To clarify which signaling pathway is involved in the
regulation of human fibroblast migration promoted by
NGF, we first investigated the specific role of PI3K/Akt in
NGF-accelerated fibroblast migration. The activation of the
PI3K/Akt pathway plays a central role in establishing cell
polarity and migration speed and is therefore required for
the migration of various cell types, including fibroblasts [27–
29]. NGF has also been shown to induce cell migration
through the activation of PI3K/Akt pathway in rat peritoneal
mast cells and aorta endothelial cells [30]. In our study, the
cultured human skin fibroblasts showed an obvious increase

in Akt activity after treatment with NGF. The inhibition of
Akt phosphorylation by LY294002 significantly inhibited the
migration of skin fibroblasts accelerated by NGF. This implies
that PI3K/Akt signal transduction is involved in the regulation of NGF-promoted fibroblast migration. Accumulating
evidence also suggests that the JNK pathway is important in
regulating cell migration [31, 32]; by the same methods, the
result is implying that the JNK signaling pathway also plays a
crucial role in NGF-boosted fibroblast migration.
Rac1, a member of the Rho family of proteins, regulates
actin organization and cell-cell adhesion and migration.
Dominant-negative Rac1 inhibits lamellipodium extension,
membrane ruffling, and migration in multiple cell types,
including macrophages, T cells, epithelial cells, and fibroblasts [33]. Mutationally activated Rac1 potently and selectively activates JNK without affecting MAPK and dominant
negative mutants of Rac1 block the JNK activation induced
by cytokines and growth factors in COS-7 cells, suggesting that Rac1 plays a critical role in controlling the JNK
signaling pathway [34]. PI3-kinase, Rac1, and JNK are all
involved in bFGF-induced fibroblast migration and PI3kinase is upstream of Rac1 and JNK is downstream of Rac1
[35]. Based on these findings, we next examined the effect
of NGF on activation of Rac1. The activity of Rac1 was
significantly increased after five minutes of NGF treatment.
Taken together, our results suggested that PI3K/Akt, Rac1,
and JNK are all involved in the regulation of NGF-induced
dermal fibroblast migration and that it is mediated by a
PI3K/Akt-Rac1-JNK signaling pathway.
Extracellular signal-regulated protein kinase (ERK) plays
a crucial role in the regulation of cell survival, proliferation, and differentiation. ERK has also been reported to be
involved in regulating cell migration, and the duration and
magnitude of ERK activation associate with cell motility
[36]. The inhibition of ERK activation results in markedly
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reduced movement of epithelial and endothelial cells in
wound-healing experiments [37, 38]. Moreover, some reports
have suggested that the ERK pathway is required for fibroblast migration and is potentially involved in determining
movement direction [29, 39–41]. Previous studies in rat
peritoneal mast cells and aorta endothelial cells also showed
that NGF was able to induce directional cell migration
through activation of the ERK pathway [30, 42]. Our study
indicated that ERK is significantly activated following NGF
treatment. The NGF-enhanced migration ability of fibroblasts
was notably impaired when ERK activity was inhibited by
PD98059, suggesting that ERK was also involved in the NGFenhanced fibroblast migration. However, the detailed signal
transduction cascade underlying NGF-induced fibroblast
migration remains to be elucidated.
In conclusion, in this study, we provided experimental
evidences that NGF administration may be used for the
treatment of wound healing. NGF could speed up the
reepithelialization, the formation of granulation tissue, and
collagen production in cutaneous wound via regulating the
expression of CD68, VEGF, PCNA, and TGF-𝛽1. We also
found that NGF could significantly promote the migration,
but not proliferation, of dermal fibroblasts, which may
contribute to the healing-promoting effect of NGF in skin
wound. The activation of PI3K/Akt, Rac1, JNK, and ERK
was all involved in the regulation of NGF-induced fibroblast
migration. However, to apply NGF for the treatment of
cutaneous wound in a clinical setting, a lot of work needs to be
done. For example, the best administration dose, the interval
of dosing, the therapeutic window of NGF, and its synergistic
effect with other growth factors in wound healing remain to
be further investigated in the future. Given the confirmative
effect of NGF to promote cutaneous wound healing, further
study to improve the pharmacodynamic action of NGF and
to explore its underlying complicated mechanisms in wound
healing is definitely warranted.
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fibroblasts (HDFs) was established as described [43]. Briefly,
the foreskins were washed three times in phosphate buffered
saline (PBS) solution containing 1% penicillin/streptomycin
sulfate. Subsequently, the tissues were digested with 0.5%
dispase II overnight. The epidermis and subcutaneous tissue
were excised from the tissues, which were then cut into pieces
of approximately 1 × 1 × 0.5 cm and placed as explants in T25
tissue culture flasks. Growth medium was Dulbecco’s modified Eagle’s medium (DMEM) containing 5.5 mM D-glucose,
20% fetal bovine serum (FBS), 1% penicillin/streptomycin
sulfate, and 2 mM L-glutamine. The primary fibroblasts were
grown at 37∘ C in an atmosphere of 5% CO2 and were passaged
every 2 days by trypsinization. Cells in passages three to six
were used for all experiments in this study.
4.3. Preparation of Rat Cutaneous Wounds and Experimental Design. Male Sprague-Dawley rats, weighing 220–250 g,
were chosen for this experiment. A wound healing model in
rats was prepared as previously described [44]. Animals were
anaesthetized by an intraperitoneal injection of 10% chloral
hydrate (3.5 mL/kg) and positioned on a cork platform, and
then hairs on the rat dorsum were clipped and then two
2 × 2 cm2 full-thickness skin flaps were cut per rat. The two
wounds were separated by at least 1.5 cm of unwounded skin.
The right-side (right) wounds were treated with different
doses of NGF (Sigma-Aldrich, dissolved in 0.9% saline
(w/v)), while the left-side wounds received equal volumes
of 0.9% saline (w/v) as untreated saline controls. Wounded
rats were randomly divided into three groups (fifteen rats
per group): (1) rats treated with 10 𝜇g of NGF in right
wounds; (2) rats treated with 20 𝜇g of NGF in right wounds;
(3) rats treated with 40 𝜇g of NGF in right wounds. NGF
treatments were repeated under anesthesia every other day
for 14 days. Postoperative analgesics and antibiotics were
not administered because these drugs may influence the
healing process and thereby confound the interpretation of
experimental data.

4. Materials and Methods
4.1. Ethics Statement. All experimental animals were provided by the Laboratory Animals Center of Wenzhou Medical
University. The care and use of laboratory animals were
strictly in accordance with international ethical guidelines
and the National Institutes of Health Guide concerning the
Care and Use of Laboratory Animals. The experimental
procedures were carried out with the approval of the Animal
Experimentation Ethics Committee of Wenzhou Medical
University. Human foreskins were obtained from Second
Affiliated Hospital of Wenzhou Medical University. Written
consent was obtained from all participants involved in this
study. The study protocol was approved by Institutional
Ethics Committee of Second Affiliated Hospital of Wenzhou
Medical University (Wenzhou, China) and informed consent
was obtained from patients.
4.2. Culture of Human Skin Fibroblasts. Human foreskins
were obtained from Second Affiliated Hospital of Wenzhou
Medical University, and the primary culture of human dermal

4.4. MTT Assay. Cultured dermal fibroblasts were seeded on
96-well plates (1 × 104 cells/well) and treated with different
concentrations of NGF (0, 10, 100, and 1000 ng/mL) for 24 h.
Then, 20 𝜇L of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (5 mg/mL in PBS) was added to each
well for 4 h. Cells were washed with PBS (pH 7.4), and 150 𝜇L
of DMSO was added to each well to solubilize the formed
formazan crystals. Fluorescence intensity was measured at
570 nm.
4.5. Quantitative Assessment of Wound Healing. The size of
the wounded area was determined at 2, 4, 6, 8, 10, 12, and 14
days after wounding. Transparent paper was placed over each
wound, and the shape of the wound was drawn on the paper.
The transparent paper was then superimposed on 1 mm2
graph paper for calculating the surface area of the wound.
The percentage of wound closure was calculated using the
following formula: wound closure rate = (area of original
wound − area of actual wound)/area of original wound ×
100% [45].
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4.6. Wound-Healing Assay. Confluent primary fibroblasts
were cultured in DMEM containing 0.5% FBS for 24 h and
were then wounded with a linear scratch by a sterile pipette
tip. Images of the wounded cell monolayers were taken
using a microscope immediately and 24 h after wounding.
To observe the effect of NGF on fibroblast migration, the
cells were treated with saline or 100 ng/mL NGF just before
wounding. To investigate the role of PI3-kinase, JNK, or ERK
in fibroblast migration, the cells were incubated with 10 𝜇M
LY294002, 10 𝜇M SP600125, or 10 𝜇M PD98059, respectively,
for 60 min before the wounding. Twenty cells at the wounded
area per each experiment were randomly selected 24 h after
wounding, and the distance between the selected cells and
wound edge was measured with Image J software. Migration
rate was expressed as migration distance/time (mm/h).
4.7. Histological Examination. Wounded skin was excised,
fixed in cold 4% paraformaldehyde overnight, and embedded
in paraffin. Tissue sections (5 𝜇m thick) were stained with
hematoxylin and eosin (H&E) for morphological assessment
and with Masson’s Trichrome staining for collagen analysis.
The stained section slides were imaged at a magnification of
40 or 200x using a Nikon Eclipse E800 microscope.
4.8. Immunohistochemical Staining. Immunohistochemical
staining for PCNA, CD68, TGF-𝛽1, and VEGF was performed with specific antibodies for each protein (Santa
Cruz Biotech, Santa Cruz, CA). Sections were dewaxed
and hydrated; endogenous peroxidase was blocked with
3% hydrogen peroxide for 10 min; nonspecific binding was
blocked with 1% BSA for 30 min. Sections were incubated
with primary antibodies (at a dilution of 1 : 100) overnight at
4∘ C. Biotinylated secondary antibodies were then applied at
1 : 200 for 30 min, followed by incubation with horseradish
peroxidase- (HRP-) streptavidin at 1 : 400 for 30 min. Color
development was performed with DAB for 3 to 5 min for
all samples, followed by hematoxylin counterstaining, dehydration, and coverslipping. The immunopositive cells in five
fields per section were counted using Image-Pro Plus software
(Nikon, Tokyo, Japan).
4.9. Rac1 Pull-Down Assay. Rac1-GTP assays were performed
with the Active Rac1 Pull-Down and Detection Kit using
the manufacturer’s recommendations (Thermo Scientific).
Briefly, the cells were scraped into 1X lysis buffer containing
25 mM Tris-HCl, pH 7.2, 5 mM MgCl2 , 1% NP-40, 5%
glycerol, 150 mM NaCl, and 1% protease inhibitor cocktail
and centrifuged for 15 min at 16,000 ×g. The total of 700 𝜇L of
cleared cell lysates was split into 20 𝜇g aliquots. As negative
and positive controls for the pull-down, two of the aliquots
were added to 5 𝜇L of 100 mM GDP or 10 mM GTP𝛾S,
respectively, and incubated for 1 h at 4∘ C with gentle rocking.
The beads were washed three times with lysis buffer and
heated for 5 min at 100∘ C in reducing SDS-PAGE sample
buffer and then analyzed for activated Rac1 by Western
blotting with a monoclonal antibody for Rac1. Total Rac1 was
determined to compare the level of the activated Rac1 across
experimental conditions.
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4.10. Western Blot. Western blotting was performed as follows. The cells were lysed, and the collected protein samples
were denatured and separated on 10% polyacrylamide gels
before being transferred to polyvinylidene difluoride membranes. The membranes were incubated in TBS containing 5%
nonfat milk and 0.05% Tween-20 for 1 h at room temperature
and blotted with the specified primary antibodies overnight
at 4∘ C. The primary antibodies used were anti-phosphoAkt (1 : 300, Santa Cruz Biotech, Santa Cruz, CA), anti-Akt
(1 : 300, Santa Cruz Biotech, Santa Cruz, CA), anti-phosphoJNK (1 : 1000, Cell Signaling Technology), anti-JNK (1 : 1000,
Cell Signaling Technology), anti-phospho-ERK (1 : 300, Santa
Cruz Biotech, Santa Cruz, CA), anti-ERK (1 : 300, Santa Cruz
Biotech, Santa Cruz, CA), and anti-GAPDH (1 : 300, Santa
Cruz Biotech, Santa Cruz, CA). The membranes were washed
with TBST for 15 min the next day. Next, the membranes
were incubated for 1 h with an anti-mouse or anti-rabbit HRPlinked secondary antibody (1 : 3000 dilution) and washed
with TBST for 15 min. The signals were then detected using
Western blotting detection reagent. The Western blot results
were further analyzed using Image J software.
4.11. Statistical Analysis. Data are expressed as the mean ±
SEM. Statistical significance was determined with Student’s 𝑡test when there were two experimental groups. For more than
two groups, statistical evaluation of the data was performed
using one-way analysis of variance (ANOVA) followed by
Dunnett’s post hoc test. For all tests, 𝑃 < 0.05 was considered
significant.

Conflict of Interests
The authors have declared that no conflict of interests exists.

Acknowledgments
This work was supported by National Natural Science Funding of China (no. 81372112), Ningbo City Natural Science
Foundation (no. 2012A610254), and Zhejiang Provincial
Project of Key Group (no. 2010R50042). The funders had no
role in study design, data collection and analysis, decision to
publish, or preparation of the paper.

References
[1] G. C. Gurtner, S. Werner, Y. Barrandon, and M. T. Longaker,
“Wound repair and regeneration,” Nature, vol. 453, no. 7193, pp.
314–321, 2008.
[2] A. J. Singer and R. A. F. Clark, “Cutaneous wound healing,” The
New England Journal of Medicine, vol. 341, no. 10, pp. 738–746,
1999.
[3] G. S. Schultz, J. M. Davidson, R. S. Kirsner, P. Bornstein, and I.
M. Herman, “Dynamic reciprocity in the wound microenvironment,” Wound Repair and Regeneration, vol. 19, no. 2, pp. 134–
148, 2011.
[4] J. Li, J. Chen, and R. Kirsner, “Pathophysiology of acute wound
healing,” Clinics in Dermatology, vol. 25, no. 1, pp. 9–18, 2007.

12
[5] R. Braund, S. Hook, and N. J. Medlicott, “The role of topical
growth factors in chronic wounds,” Current Drug Delivery, vol.
4, no. 3, pp. 195–204, 2007.
[6] M. V. Sofroniew, C. L. Howe, and W. C. Mobley, “Nerve growth
factor signaling, neuroprotection, and neural repair,” Annual
Review of Neuroscience, vol. 24, pp. 1217–1281, 2001.
[7] H. Matsuda, H. Koyama, H. Sato et al., “Role of nerve growth
factor in cutaneous wound healing: accelerating effects in
normal and healing-impaired diabetic mice,” Journal of Experimental Medicine, vol. 187, no. 3, pp. 297–306, 1998.
[8] A. K. Li, M. J. Koroly, M. E. Schattenkerk, R. A. Malt, and M.
Young, “Nerve growth factor: acceleration of the rate of wound
healing in mice,” Proceedings of the National Academy of Sciences
of the United States of America, vol. 77, no. 7, pp. 4379–4381, 1980.
[9] R. Bernabei, F. Landi, S. Bonini et al., “Effect of topical
application of nerve-growth factor on pressure ulcers,” The
Lancet, vol. 354, no. 9175, p. 307, 1999.
[10] S. R. Opalenik and J. M. Davidson, “Fibroblast differentiation
of bone marrow-derived cells during wound repair,” The FASEB
Journal, vol. 19, no. 11, pp. 1561–1563, 2005.
[11] C. S. Nirodi, R. Devalaraja, L. B. Nanney et al., “Chemokine
and chemokine receptor expression in keloid and normal
fibroblasts,” Wound Repair and Regeneration, vol. 8, no. 5, pp.
371–382, 2000.
[12] S. Werner, T. Krieg, and H. Smola, “Keratinocyte-fibroblast
interactions in wound healing,” Journal of Investigative Dermatology, vol. 127, no. 5, pp. 998–1008, 2007.
[13] C. Pincelli, C. Sevignani, R. Manfredini et al., “Expression
and function of nerve growth factor and nerve growth factor
receptor on cultured keratinocytes,” Journal of Investigative
Dermatology, vol. 103, no. 1, pp. 13–18, 1994.
[14] K. Murase, Y. Murakami, K. Takayanagi, Y. Furukawa, and K.
Hayashi, “Human fibroblast cells synthesize and secrete nerve
growth factor in culture,” Biochemical and Biophysical Research
Communications, vol. 184, no. 1, pp. 373–379, 1992.
[15] V. A. Tron, M. D. Coughlin, D. E. Jang, J. Stanisz, and D. N.
Sauder, “Expression and modulation of nerve growth factor in
murine keratinocytes (PAM 212),” Journal of Clinical Investigation, vol. 85, no. 4, pp. 1085–1089, 1990.
[16] J. Oger, B. G. W. Arnason, and N. Pantazis, “Synthesis of nerve
growth factor by L and 3T3 cells in culture,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 71, no. 4, pp. 1554–1558, 1974.
[17] H. A. Bull, T. A. Leslie, S. Chopra, and P. M. Dowd, “Expression
of nerve growth factor receptors in cutaneous inflammation,”
British Journal of Dermatology, vol. 139, no. 5, pp. 776–783, 1998.
[18] E. Shibayama and H. Koizumi, “Cellular localization of the Trk
neurotrophin receptor family in human non-neuronal tissues,”
The American Journal of Pathology, vol. 148, no. 6, pp. 1807–1818,
1996.
[19] G. Nilsson, K. Forsberg-Nilsson, Z. Xiang et al., “Human mast
cells express functional TrkA and are a source of nerve growth
factor,” European Journal of Immunology, vol. 27, no. 9, pp. 2295–
2301, 1997.
[20] C. Pincelli, A. R. Haake, L. Benassi et al., “Autocrine nerve
growth factor protects human keratinocytes from apoptosis
through its high affinity receptor (TRK): a role for BCL-2,”
Journal of Investigative Dermatology, vol. 109, pp. 757–764, 1997.
[21] P. Muangman, L. A. Muffley, J. P. Anthony et al., “Nerve growth
factor accelerates wound healing in diabetic mice,” Wound
Repair and Regeneration, vol. 12, no. 1, pp. 44–52, 2004.

BioMed Research International
[22] F. Landi, L. Aloe, A. Russo et al., “Topical treatment of pressure
ulcers with nerve growth factor: a randomized clinical trial,”
Annals of Internal Medicine, vol. 139, no. 8, pp. 635–641, 2003.
[23] Y. Susaki, S. Shimizu, K. Katakura et al., “Functional properties
of murine macrophages promoted by nerve growth factor,”
Blood, vol. 88, pp. 4630–4637, 1996.
[24] A. Micera, E. Vigneti, D. Pickholtz et al., “Nerve growth factor
displays stimulatory effects on human skin and lung fibroblasts,
demonstrating a direct role for this factor in tissue repair,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 98, no. 11, pp. 6162–6167, 2001.
[25] D. A. Bettinger, D. R. Yager, R. F. Diegelmann, and I. K. Cohen,
“The effect of TGF-beta on keloid fibroblast proliferation and
collagen synthesis,” Plastic and Reconstructive Surgery, vol. 98,
pp. 827–833, 1996.
[26] C. Emanueli, M. B. Salis, A. Pinna, G. Graiani, L. Manni, and
P. Madeddu, “Nerve growth factor promotes angiogenesis and
arteriogenesis in ischemic hindlimbs,” Circulation, vol. 106, no.
17, pp. 2257–2262, 2002.
[27] J. M. Haugh, F. Codazzi, M. Teruel, and T. Meyer, “Spatial sensing in fibroblasts mediated by 3’ phosphoinositides,” Journal of
Cell Biology, vol. 151, no. 6, pp. 1269–1280, 2000.
[28] A. T. Sasaki, C. Chun, K. Takeda, and R. A. Firtel, “Localized
Ras signaling at the leading edge regulates PI3K, cell polarity,
and directional cell movement,” Journal of Cell Biology, vol. 167,
no. 3, pp. 505–518, 2004.
[29] L. Sepe, M. C. Ferrari, C. Cantarella, F. Fioretti, and G.
Paolella, “Ras activated ERK and PI3K pathways differentially
affect directional movement of cultured fibroblasts,” Cellular
Physiology and Biochemistry, vol. 31, pp. 123–142, 2013.
[30] J. Sawada, A. Itakura, A. Tanaka, T. Furusaka, and H. Matsuda,
“Nerve growth factor functions as a chemoattractant for mast
cells through both mitogen-activated protein kinase and phosphatidylinositol 3- kinase signaling pathways,” Blood, vol. 95,
no. 6, pp. 2052–2058, 2000.
[31] R. K. Barr and M. A. Bogoyevitch, “The c-Jun N-terminal
protein kinase family of mitogen-activated protein kinases
(JNK MAPKs),” International Journal of Biochemistry and Cell
Biology, vol. 33, no. 11, pp. 1047–1063, 2001.
[32] C. Huang, K. Jacobson, and M. D. Schaller, “MAP kinases and
cell migration,” Journal of Cell Science, vol. 117, no. 20, pp. 4619–
4628, 2004.
[33] A. J. Ridley, “Rho GTPases and cell migration,” Journal of Cell
Science, vol. 114, no. 15, pp. 2713–2722, 2001.
[34] O. A. Coso, M. Chiarielio, J.-C. Yu et al., “The small GTPbinding proteins rac1 and Cdc42 regulate the activity of the
JNK/SAPK signaling pathway,” Cell, vol. 81, no. 7, pp. 1137–1146,
1995.
[35] S. Kanazawa, T. Fujiwara, S. Matsuzaki et al., “bFGF regulates
PI3-Kinase-Rac1-JNK pathway and promotes fibroblast migration in wound healing,” PLoS ONE, vol. 5, no. 8, Article ID
e12228, 2010.
[36] G. L. Johnson and R. Lapadat, “Mitogen-activated protein
kinase pathways mediated by ERK, JNK, and p38 protein
kinases,” Science, vol. 298, no. 5600, pp. 1911–1912, 2002.
[37] Y. Matsubayashi, M. Ebisuya, S. Honjoh, and E. Nishida, “ERK
activation propagates in epithelial cell sheets and regulates their
migration during wound healing,” Current Biology, vol. 14, no.
8, pp. 731–735, 2004.
[38] W.-L. Chen, C.-T. Lin, J.-W. Li, F.-R. Hu, and C.-C. Chen,
“ERK1/2 activation regulates the wound healing process of

BioMed Research International

[39]

[40]

[41]

[42]

[43]

[44]

[45]

rabbit corneal endothelial cells,” Current Eye Research, vol. 34,
no. 2, pp. 103–111, 2009.
E. Ranzato, M. Patrone, M. Pedrazzi, and B. Burlando, “Hmgb1
promotes wound healing of 3T3 mouse fibroblasts via RAGEdependent ERK1/2 activation,” Cell Biochemistry and Biophysics,
vol. 57, no. 1, pp. 9–17, 2010.
R. Buonomo, F. Giacco, A. Vasaturo et al., “PED/PEA-15
controls fibroblast motility and wound closure by ERK1/2dependent mechanisms,” Journal of Cellular Physiology, vol. 227,
no. 5, pp. 2106–2116, 2012.
T. Makino, M. Jinnin, F. C. Muchemwa et al., “Basic fibroblast
growth factor stimulates the proliferation of human dermal
fibroblasts via the ERK1/2 and JNK pathways,” British Journal
of Dermatology, vol. 162, no. 4, pp. 717–723, 2010.
U. L. Rahbek, S. Dissing, C. Thomassen, A. J. Hansen, and K.
Tritsaris, “Nerve growth factor activates aorta endothelial cells
causing PI3K/Akt- and ERK-dependent migration,” Pflugers
Archiv, vol. 450, no. 5, pp. 355–361, 2005.
A. S. Colwell, T.-T. Phan, W. Kong, M. T. Longaker, and P. H.
Lorenz, “Hypertrophic scar fibroblasts have increased connective tissue growth factor expression after transforming growth
factor-𝛽 stimulation,” Plastic and Reconstructive Surgery, vol.
116, no. 5, pp. 1387–1391, 2005.
H. X. Shi, C. Lin, B. B. Lin et al., “The anti-scar effects of basic
fibroblast growth factor on the wound repair in vitro and in
vivo,” PLoS ONE, vol. 8, Article ID e59966, 2013.
K. Meena, A. V. Mohan, B. Sharath, S. N. Somayaji, and K. L.
Bairy, “Effect of topical phenytoin on burn wound healing in
rats,” Indian Journal of Experimental Biology, vol. 49, no. 1, pp.
56–59, 2011.

13

Hindawi Publishing Corporation
BioMed Research International
Volume 2014, Article ID 697935, 12 pages
http://dx.doi.org/10.1155/2014/697935

Review Article
Neuropathologic Implication of Peripheral
Neuregulin-1 and EGF Signals in Dopaminergic Dysfunction and
Behavioral Deficits Relevant to Schizophrenia: Their Target
Cells and Time Window
Hiroyuki Nawa, Hidekazu Sotoyama, Yuriko Iwakura,
Nobuyuki Takei, and Hisaaki Namba
Department of Molecular Neurobiology, Brain Research Institute, Niigata University, 1-757 Asahimachi-dori, Chuo-ku,
Niigata 951-8585, Japan
Correspondence should be addressed to Hiroyuki Nawa; hnawa@bri.niigata-u.ac.jp
Received 1 February 2014; Accepted 10 April 2014; Published 13 May 2014
Academic Editor: Saverio Bellusci
Copyright © 2014 Hiroyuki Nawa et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Neuregulin-1 and epidermal growth factor (EGF) are implicated in the pathogenesis of schizophrenia. To test the developmental
hypothesis for schizophrenia, we administered these factors to rodent pups, juveniles, and adults and characterized neurobiological
and behavioral consequences. These factors were also provided from their transgenes or infused into the adult brain. Here we
summarize previous results from these experiments and discuss those from neuropathological aspects. In the neonatal stage but
not the juvenile and adult stages, subcutaneously injected factors penetrated the blood-brain barrier and acted on brain neurons,
which later resulted in persistent behavioral and dopaminergic impairments associated with schizophrenia. Neonatally EGF-treated
animals exhibited persistent hyperdopaminergic abnormalities in the nigro-pallido-striatal system while neuregulin-1 treatment
resulted in dopaminergic deficits in the corticolimbic dopamine system. Effects on GABAergic and glutamatergic systems were
transient or limited. Even in the adult stage, intracerebral administration and transgenic expression of these factors produced
similar but not identical behavioral impairments, although the effects of intracerebral administration were reversible. These findings
suggest that dopaminergic development is highly vulnerable to circulating ErbB ligands in the pre- and perinatal stages. Once
maldevelopment of the dopaminergic system is established during early development, dopamine-associating behavioral deficits
become irreversible and manifest at postpubertal stages.

1. EGF-Like Ligands and Their ErbB
Receptors in the Brain
Epidermal growth factor (EGF) was first purified from mouse
salivary gland, together with nerve growth factor (NGF), and
was found to induce eyelid opening activity [1] (Figure 1).
Molecular cloning verified the presence of many EGFrelated peptides such as heparin-binding EGF-like growth
factor (HB-EGF), transforming growth factor alpha (TGF𝛼),
amphiregulin, and neuregulins (NRG) [2, 3]. All members of
the EGF family have the capability to promote eyelid opening
and are contained by various body fluids such as saliva, urine,

serum, and amniotic fluids [1, 4, 5] (Figure 1). In addition to
these endogenous ligands, several viruses encode EGF-like
peptides in their genome and potentate host cell proliferation
[6, 7]. These EGF-like peptides in blood can penetrate into the
immature brain and influence neural stem cell proliferation
and neuronal/glial differentiation and maturation [8–10].
All members in the EGF family interact with ErbB
receptor tyrosine kinases ErbB1, ErbB2, ErbB3, and ErbB4
(note: ErbB3 lacks the kinase activity). These ligands promote
ErbB receptor dimer formation and transphosphorylate the
partner ErbB molecule [11] (Figure 2). Each ligand has a specific binding preference with an ErbB subtype; for instance,

2

BioMed Research International

2. Neurobehavioral Impact of
Peripheral EGF and NRG1
Administration during Development

Eyelid opening effects

EGF

Conc (nM)
Saliva
EGF
1-3
Neuregulin-1 ND

Vehicle

Serum Urine Amniotic
0.02-0.31 4-20 0.1-0.5
0.01-0.48 ND
ND

Figure 1: EGF and neuregulin-1 (NGR1) in body fluids mediate
eyelid opening. The picture depicts the acceleration of eyelid
opening following subcutaneous injections of EGF into pups. EGF
(1.0 mg/kg) was subcutaneously injected to rat neonates daily from
postnatal day 2 to postnatal day 10. The table shows that both
EGF and NGR1 are detected in human body fluids including saliva,
serum, urine, and amniotic fluids. ND: not determined.

EGF has high affinity to ErbB1, HB-EGF interacts with ErbB1
and ErbB4, and NRG1 binds to ErbB3 and ErbB4. Regardless
of the ErbB subtype bound by the ligand, their signals will be
transmitted from both the partner ErbB and receptor ErbB
[2, 11]. Interestingly, the activated ErbB tyrosine kinase also
can form a dimer with other receptor tyrosine kinases such as
MET [12]. In this context, different ligands in the EGF family
often evoke distinct tyrosine kinase signaling in various types
of cells.
In situ hybridization techniques have revealed widespread
expression of ErbB1-4 mRNAs in various types of neurons
and glial cells [13–16]. EGF receptors (EGF-R or ErbB1) are
highly expressed in neural stem cells. In later stages, however,
lower levels of ErbB1 are also detected in GABAergic and
dopaminergic neurons, which often coexpress the ErbB4
subunit as well [14, 17] (Figure 3). In contrast, the expression
of ErbB3 is relatively restricted to oligodendrocytes and
Schwann cells [15, 18]. The localizations of ErbB1-4 are
consistent with the reports of EGF and NRG1 actions. EGF
and NRG1 exert various neurotrophic activities on midbrain
dopaminergic neurons [19–21] although their actions on
GABAergic neurons are inconsistent among the ErbB ligands
[17, 22–24].
EGF and NRG1 have been researched extensively in
relation to schizophrenia. In 2002, DeCode Genetics Inc.
reported a genetic association of the NRG1 gene with
schizophrenia [25] and our group found abnormal expression
of EGF and ErbB1 in the postmortem brains of patients with
schizophrenia [4]. Subsequently, a Finland group reported a
genetic association between the EGF gene and schizophrenia
[26–28], although this has not been replicated in all ethnic
populations examined [29]. Indeed, these human studies
were the impetus for our research on animal modeling of
schizophrenia using EGF and NRG1.

To test the contribution of these neurotrophic factors to
the neurodevelopmental abnormality of schizophrenia, we
subcutaneously administered the EGF protein into rats and
mice at various developmental stages, neonate, juveniles, and
young adults [30, 31] (Figure 4). We then monitored their
behavioral traits such as prepulse inhibition scores at the
adult stage. We found that neonatal exposure to EGF resulted
in various behavioral deficits, most of which are implicated
in schizophrenia behavioral endophenotypes. These deficits
include lower prepulse inhibition, impaired latent inhibition
of fear learning, reduced social behaviors, and higher sensitivity to methamphetamine and a D2 receptor agonist [30–33]
(Table 1). These behavioral deficits are persistent as we have
detected the prepulse inhibition deficits at postnatal month
six. Although we tested more than 10 cytokines and growth
factors with the above experimental procedure, EGF and
NRG1 appeared to exhibit the most remarkable and persistent
abnormality in behaviors [30–38].
In contrast to the neonatal injection model, the administration of EGF into the skin of juvenile or young adult
rats (at the same dose) failed to induce the above behavioral
abnormalities (unpublished data). Why EGF administered
at the different stages has no obvious effects remains to be
explored; however, it is likely to involve the differences in (1)
the supply of EGF to the target (i.e., the brain permeability of
EGF), (2) the sensitivity of a target to EGF (i.e., EGF receptor
expression), and (3) the phenotypic nature of the reaction of
the target.
Thus we first monitored the permeability of EGF through
the blood-brain barrier. We found that subcutaneous injection of EGF and neuregulin-1 to rat and mouse neonates
resulted in the activation (phosphorylation) of ErbB receptors
in the brain and led to behavioral deficits [38] (Table 1). The
receptor activation in the brain was the most remarkable
at the perinatal stages and gradually diminished during
the postnatal stage. After postnatal day 10, subcutaneouslyinjected EGF and neuregulin-1 failed to trigger marked ErbB
phosphorylation in the brain [38]. When we explored the
permeability of the blood-brain barrier with interleukin1, immunohistochemistry verified the efficient diffusion of
interleukin-1 from the blood vessels into the neural spaces
at the rat neonatal stage but not at rat postnatal day 14 [36].
These results are in agreement with the previous microscopic
observations in rats where morphological maturation of
endotheliocytes and pericytes occurs on postnatal day 7
and a decrease in permeability of the hematoencephalic
barrier takes place on postnatal day 10 [39]. These results
suggest that the establishment of the blood-brain barrier is
attained around postnatal day 10 and may be one of the
key factors for determining the time dependency for the
induction of behavioral impairments [36]. Even at the adult
stage, however, EGF and neuregulins-1 are reported to penetrate the established blood-brain barrier in a limited degree
[21, 40, 41].
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ErbB1
EGF

Neural stem cells,
glial precursors

ErbB1/2
HB-EGF
ErbB1/2
Oligodendrocytes
schwann cells

TGF𝛼
ErbB3

Amphiregulin

ErbB1/4
GABA neurons
DA neurons
astrocytes

NRG1-6
ErbB4

Virokines
EGF motif: CxxxxxxxCxxxGxCxxxxxxxxxxxxxCxCxxxxxGxRC
hEGF: CplshdgyClhdGvC-myiealdkya--CnCvvgyiGeRC
VGF: CgpegdgyClh-GdC-ihardidgmy--CrCshgytGiRC
SPGF: CgpegngyCfh-GiC-ihardidgmy--CrCshgytGiRC
MGF: CnddyknyClnnGtCftvalnnvslnpfCaChinyvGsRC
hNRG1𝛼: CaekektfCvngGeCfmvkdlsnpsrylCkCqpgftGsRC

Figure 2: Ligands in the EGF family interact with heteromeric or homomeric ErbB receptors in GABAergic, dopaminergic (DA), and glial
cells. ErbB ligands include EGF, HB-EGF (heparin-binding EGF-like growth factor), TGF𝛼 (transforming growth factor alpha), amphiregulin,
NRG1-6, and virokines (VGF, SPGF, MGF, etc.), which associate with these ErbB receptor complexes to evoke both EGF-like and NRG-like
signals. ErbB1-4 selectivity of the virokines remains to be characterized. These virokines carry the EGF-like amino acid motif common to
human EGF and NRG1alpha. VGF: vaccinia virus growth factor; SPGF: smallpox virus growth factor; MGF: myxoma virus growth factor.

The sensitivity of brain cells to EGF might also associate
with the observed EGF efficacy. It is reported that ErbB1
expression gradually diminishes in the nigrostriatal system
as well as in the cortical structures during postnatal development [15, 42]. This is another explanation that illustrates the
developmental difference of EGF effects on animal behaviors.
We tested the first hypothesis that the penetration of the
blood-brain barrier would be critical for the effectiveness
of EGF injection. If it is the case, the direct EGF supply to
the brain of adult rats should mimic neonatal EGF injection
[43]. Indeed when EGF was subchronically infused into the
striatum of adult rats from an osmotic minipump, EGF
induced the deficits of prepulse inhibition and impaired latent

inhibition of fear learning as was observed in the neonatal injection model. EGF infusion simultaneously elevated
dopamine content and turnover as well as the enzyme activity
of tyrosine hydroxylase and protein levels of dopamine transporter in the striatum, supporting its neurotrophic actions
on dopamine neurons [43]. The apparent difference between
the neonatal EGF model and the adult infusion model is the
persistency or reversibility of the deficits. In the adult EGFbrain infusion model, the behavioral deficits ceased soon
after EGF was depleted from the pump [39], whereas in the
neonatal model, the deficits persisted more than five months
after EGF administration was completed at the neonatal stage
[31].

4

BioMed Research International
Table 1: Immediate and delayed effects of neonatal NRG1 and EGF administration.

Behaviors

GABA

Glutamate

Dopamine

Sound startle
Fear-learning
Locomotor
PPI
Social behaviors
GAD 65/67
PV
NR1 (GluN1)
NR2 (GluN2)
GluR1
TH
DA
DOPAC

NRG1 Injection
No change
No change
No change
DECREASE
DECREASE
No change
No change
No change
No change
(INCREASE)
INCREASE (cortex)
No change
INCREASE (cortex)

EGF Injection
No change
No change
No change
DECREASE
DECREASE
(DECREASE)∗
(DECREASE)∗
(DECREASE)∗
no change
(DECREASE)∗
INCREASE (pallidus)
INCREASE (pallidus)
INCREASE (pallidus)

∗

represent transient changes during neonatal administration. GAD: glutamate decarboxylase; PV: parvalbumin; TH: tyrosine hydroxylase; DA: dopamine;
DOPAC: 3,4-dihydroxy-phenylacetic acid. Statistical significance represents 𝑃 < 0.05.

3. Life-Long Overexpression of EGF or
NRG1 from Their Transgenes

Figure 3: Distributions of ErbB1 mRNA and ErbB4 mRNA in
rodent midbrain. In situ hybridization reveals enrichment of ErbB1
mRNA in the substantia nigra (sn) of rat pups (postnatal day 2).
ErbB4 mRNA is expressed in both the sn and ventral tegmental area
(vta) of mouse pups (postnatal day 2). Ip: interpeduncular nucleus.
Scale bars = 250 𝜇m.

A similar behavioral abnormality was also detected in
the EGF-injection model of a nonhuman primate [44].
Apparent behavioral deficits such as stereotypic movement,
vocalization, alert motion, and self-injury only emerged 56 years (i.e., monkey puberty) after EGF administration to
a cynomolgus monkey neonate and were ameliorated by
chronic treatment of the antipsychotic drug risperidone [44].
Therefore, the EGF-injection model may be established in a
wide variety of animal species.

In addition to the above injection models, we also analyzed
the two types of transgenic (Tg) mice lines: type 1 neuregulin1 overexpressing Tg mice and EGF-overexpressing Tg mice
[45, 46]. In these transgenic lines, both the transgenes of EGF
and NRG1 were expressed in the whole body, although their
relative expression levels were higher in the central nervous
system compared with those in the peripheral tissues.
EGF-Tg mice exhibited normal locomotion in the
exploratory condition, and moderate deficits in context
learning (Table 2). Sound startle responses of EGF-Tg mice
were normal but their prepulse inhibition of startle responses
was markedly lower than that of wild-type littermates [46].
In addition, EGF-Tg mice exhibited higher sensitivity to
repeated cocaine administration in a locomotor test. Our
preliminary studies indicate that social behavior scores of
EGF-Tg mice appeared to diminish as well. Overall, EGFTg mice showed gross behavioral similarities to the EGFinjection model. In agreement to these behavioral traits, there
was an enhancement in dopamine metabolism in the basal
ganglia regions [46]. The results from EGF-Tg mice rule out
the possibilities of experimental artifacts in the EGF-injection
model; the behavioral deficits would be ascribed to any
impurities in recombinant EGF samples or the production of
anti-EGF antibody following EGF injections.
In our previous study, NRG1-Tg lines showed increased
locomotor activity, a nonsignificant trend toward decreasing
prepulse inhibition, and decreased context-dependent fear
learning, but they exhibited normal levels of tone-dependent
learning [45] (Table 2). In addition, our preliminary study
indicates that social scores of both Tg lines were reduced. In
contrast to the results from the NRG1-injection model, NRG1Tg mice exhibited downregulation of dopamine metabolism
in the corticolimbic regions. This reduction of dopaminergic
phenotypes in NRG1-Tg mice had not been expected. The
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Figure 4: Neurobehavioral consequences following subcutaneous/intracerebral administration of EGF to neonatal, juvenile, and adult rats.
Intracerebral administration to adult rats was achieved with cannula implantation to the stratum; EGF was subchronically supplied from
an osmotic pump at the rate of 75 ng/h. There is a critical time window for the induction of behavioral deficits following peripheral EGF
administration.

Table 2: Behavioral and neurochemical effects of persistent NRG1 and EGF overexpression from their transgenes.

Behaviors

GABA

Glutamate

Dopamine

Sound startle
Fear-learning
Locomotor
PPI
Social behaviors
GAD 65/67
PV
NR1 (GluN1)
NR2 (GluN2)
GluR1 (GluA1)
TH
DAT
DA
DOPAC

NRG-1 TG
No change
INCREASE
INCREASE
Modest decrease
DECREASE
No change
INCREASE (cortex)
No change
No change
No change
DECREASE (cortex)
No change
DECREASE (hippocampus)
DECREASE (hippocampus)

EGF-TG
No change
Modest decrease
No change
DECREASE
DECREASE
No change
No change
No change∗
No change∗
No change∗
DECREASE (striatum)
No change
INCREASE (accumbens)
INCREASE (accumbens)

∗
represent effects on basal ganglia regions GAD: glutamate decarboxylase; PV: parvalbumin; TH: tyrosine hydroxylase; DA: dopamine; DAT: dopamine
transporter; DOPAC: 3,4-dihydroxy-phenylacetic acid. Statistical significance represents 𝑃 < 0.05 and “modest” indicates marginal changes with 0.05 < 𝑃 <
0.10.
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Figure 5: Neonatal EGF treatment enhances and maintains collateral sprouting of dopaminergic fibers in the globus pallidus (GPe). Neonatal
rats were subcutaneously challenged with EGF (1 mg/kg body/day) for 9 days and grown until adulthood. EGF-treated and vehicle-treated
rats were subjected to immunohistochemistry at the adult stage. In comparison with the tyrosine hydroxylase staining in the striatum (left),
immunoreactivity in the lateral area of the GPe is elevated in the EGF-treated rats. Scale bars = 1000 and 100 𝜇m.

controversial results from the NRG1-Tg mice should be
explored with respect to the neurotrophic activity of NRG1
on dopaminergic neurons [21, 38].
Some of the behavioral traits of the NRG1-Tg mice
significantly resemble those of NRG1 knockout mice [see
reviews; [47–53]]. Gene targeting of another ErbB1 ligand
HB-EGF also generates the animal model for schizophrenia
[50]. Although here we avoid to repeat the details of their
behavioral phenotypes, it is noteworthy that both hypomorphic and hypermorphic expressions of the NRG1 or EGFrelated gene produce several common behavioral phenotypes
in mice. This commonality is quite surprising and raises
a challenging question about the molecular and cellular
mechanisms underlying the behavioral deficits induced by
the opposite signals.
There is another fundamental question whether
schizophrenia is associated with the upregulation or
downregulation of the NRG1-ErbB4 signaling [5, 47]. A
postmortem study indicates the upregulation of NRG1

expression [47], while an analysis of patients’ blood suggests
the downregulation of NRG1 expression that associates with
schizophrenia and the risk SNP [5]. The clarification of
this controversy should be the first step before arguing the
pathologic implication of NRG1.

4. Neurobiological Underpinnings of the
Behavioral Deficits Triggered by EGF and
Neuregulin-1 Hypersignals
There is a large time gap between factor treatment (via injection) and the emergence of behavioral deficits in neonatal
EGF- and NRG1-injection models [54–57]. Thus, we aimed
to determine what kinds of signals from EGF or NGR1
contribute to the delayed emergence of the behavioral deficits
at the postpubertal stages. In light of reported neurobiological
activities of the ErbB ligands EGF and NRG1, we initially
focused on the three neurotransmitter systems: GABAergic,
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Figure 6: Local dopamine release from the globus pallidus was
monitored by microdialysis. Dialysis probes were implanted in the
globus pallidus of EGF-treated, vehicle-treated, and EGF-treated
plus risperidone-medicated rats. Dopamine release of EGF-treated
rats was elevated in both basal and high potassium (K) evoked
conditions. These increases were normalized by subchronic treatment with the antipsychotic risperidone (1 mg/kg/day, 14 days total).
∗
𝑃 < 0.05 and ∗∗ 𝑃 < 0.01.

glutamatergic (AMPA and NMDA receptors), and dopaminergic systems. The individual neuronal systems are composed
of particular neurons expressing ErbB1 and/or ErbB4 and
thus are reactive to EGF and NRG1.
When EGF was given to pups, GABAergic, glutamatergic, and dopaminergic markers were markedly affected in
the acute phase. Specifically, GAD67, parvalbumin, GluA1
(AMPA-R), and GluN1 (NMDA-R) levels were influenced in
the frontal cortex and/or midbrain of EGF-treated animals
[17, 55, 56]. Dopamine synthesis, metabolism, and axon
terminal arborization were shown to be markedly upregulated in most of the basal ganglia regions [20, 57]. In
the postpubertal stages, however, most of these phenotypic
influences became modest or undetectable, except for the
presence of a hyperdopaminergic state in the globus pallidus
[58]; tyrosine hydoxylase-positive fibers and varicosities were
denser in the lateral regions of the globus pallidus of EGFinjected rats, compared with vehicle-injected rats.
The immediate influences of NRG1 injection in neonates
were limited to dopaminergic and glutamatergic systems [24,
38]. Increases in dopamine synthesis, metabolism, and terminal arborization were found [38] as well as those in AMPAtype glutamate receptor levels [24] (Table 1). Although the
acute effects on dopamine markers were similar to those
seen in the EGF-injection model, those on AMPA receptors (GluA1) were opposite to that seen in EGF-injection
models [17]. Again, the synaptic increase in AMPA receptor

expression and function gradually diminished following the
cessation of NRG1 injection in the postnatal stage [24].
As mentioned above, the NRG1-injection model also
transiently exhibited gross abnormalities in the dopamine
system. For instance, during postnatal NRG1-treatment,
dopamine synthesis, metabolism, and axon terminal
arborization were elevated in various brain regions including
the basal ganglia and corticolimbic system [38]. The
dopaminergic abnormalities in most of the brain regions
were transient but those in the corticolimbic system
continued until the postpubertal stages when the behavioral
deficits emerged (Table 1). Therefore, we conclude that
EGF-injection and NRG1-injection models share a persistent
hyperdopaminergic abnormality; however, the target regions
appear to differ between these models. The differential
distributions of their receptors (ErbB1 and ErbB4) in the
midbrain may illustrate the distinct influences of EGF and
NRG1 on the dopamine system [15, 59]. Our quantitative
study of in situ hybridization suggests that the EGF receptor
(ErbB1) has a limited distribution in the nigrostriatal
system and is less enriched in the ventral tegmental area
(VTA)-corticolimbic system [20].
When we compared the behavioral and neurochemical
phenotypes between the injection and TG models, we found
significant differences (Tables 1 and 2): the magnitude of
prepulse inhibition deficit was less pronounced or modest
in NRG1-TG mice than in NRG1-injected mice. Moreover,
context-dependent fear learning and exploratory motor
activity deficits were prominent only in NRG1-TG mice. In
this context, we suggest that spatial and temporal differences
of NRG1 supply might alter target cell populations and
their responses as various endophenotypes were seen among
distinct NRG1-TG lines [45, 60–62].

5. Neurobehavioral Implication of a Pallidal
Hyperdopaminergic State in
the EGF-Injection Model
We further analyzed the EGF-injection model, focusing
on the neuropathological abnormality of the dopaminergic
system that continued over the postpubertal stage (Figure 5).
The globus pallidus is implicated in the motor and cognitive
regulation of the indirect pathway and is one of the major
targets of the antipsychotics exhibiting D2 antagonism [63–
65]. We found that more dense collaterals of nigrostriatal
dopamine fibers innervate the globus pallidus in EGF-treated
rats. Thus, we attempted to correlate any of the behavioral
deficits of EGF-treated rats with pallidal dopamine dysfunction [58, 66].
In the globus pallidus of the EGF-injection model, there
were persistent increases in tyrosine hydroxylase levels and
dopamine content in the globus pallidus. Furthermore, pallidal dopamine release was also elevated in EGF-injected rats;
however, the increased dopamine release was normalized by
subchronic treatment with the antipsychotic drug risperidone (Figure 6). The amounts of pallidal dopamine release
in individual animals were correlated with the magnitude
of their prepulse inhibition levels. Single-unit recordings
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Figure 7: Ectodomain shedding of EGF-like precursors and transactivation of ErbB receptors. Cytokines (yellow box) and GPCR ligands
(green box) activate metalloproteases in a disintegrin and metalloprotease (ADAM) family (blue box) via the activation of protein kinase C
(PKC). These metalloproteases cleave the precursor proteins for EGF-like factors in the cell membrane and liberates the core EGF domain (red
box). The soluble EGF-like factor diffuses into blood stream and acts on ErbB receptors. Alternatively, cytokine-triggered NADPH oxidase
(NOX) activation results in the production of reactive oxygen species (ROS) and hydrogen peroxide, which inhibits the protein phosphatases
(i.e., SHP2 or PTP1B) for ErbB kinases. UV or gamma ray irradiation (purple box) directly produces ROS and hydrogen peroxide. The
attenuation of the phosphatases SHP2 (Src homology 2-containing protein tyrosine phosphatase) or PTP1B (protein tyrosine phosphatase
1B) markedly elevates basal phosphorylation (P) levels of ErbB receptors.

verified that the pallidal hyperdopaminergic state resulted
in pallidal dysfunction with hyperactivation [66]. Corroborating these observations, the administration of dopamine
D2-like receptor antagonists indeed ameliorated prepulse
inhibition levels of EGF-treated rats as well as pallidal hyperactivity [58, 66]. Similarly, administration of ErbB inhibitors
also normalized these behavioral impairments with their
antidopaminergic actions in the globus pallidus [67].
Conversely, dopamine D2-like receptor agonist (quinpirole) administration to the pallidus of control rats induced
prepulse inhibition deficits and pallidal frequent firing,
confirming the pathophysiologic role of the pallidal hyperdopaminergic state [58, 66]. Impaired eye saccade, one of the
common endophenotypes of schizophrenia patients, might
reflect such a dopaminergic dysfunction of the indirect
pathway in patients [68, 69].

6. Interactions of EGF-NRG1 Signals with
Other Cytokines and Neurotransmitters
It is noteworthy that EGF-NRG1 signaling is secondarily
evoked by other cytokines and neurotransmitters. This concept, namely, “ErbB transactivation,” has been well established in cancer biology and cell biology [70–73]. Inflammatory cytokines (IL-1, IL-6, TNF𝛼) and their mediators of
prostaglandins (PGEs) are potent transactivators of ErbB1
(EGF receptor) and trigger cell proliferation, leading to

inflammation, wound healing or cancer priming. This process initiates with the protein kinase C activation, followed
by ADAM (a disintegrin and metalloproteinase) activation
(Figure 7). The activated ADAMs on cell surface shed (cleave)
the membrane-linked precursor proteins of EGF, HB-EGF,
and NRG1 (or their homologues) and liberate soluble EGF or
NRG1, allowing them to bind to neighboring ErbB receptors
or to diffuse into blood stream. Such transactivators for ErbB
receptors now include GPCR agonists (angiotensin1, glutamate, dopamine, prostaglandins, thrombin, etc.), physicochemicals (UV light and ROS), growth factors, and cytokines
(IGF1, EGF, NRG1, bFGF, IL-1, IL-6, etc.) [70–73]. Thus,
dopamine itself is a potent activator for ErbBs and may
provide positive feedback signals through the precursor
shedding [74–76]. Accordingly, several other cytokines such
as IL-6, which are implicated in maternal immune models
for schizophrenia, potentially involve EGF-NRG1 signaling
as well. IL-1, IL-6, and other inflammatory cytokines in the
periphery can secondarily liberate EGF-like factors into the
blood stream and may evoke ErbB signaling in various tissues
including the brain.

7. Conclusion
The production of inflammatory cytokines and neurotrophic
factors, such as EGF and NRG1, is regulated dynamically in
the central nervous system as well as in the peripheral organs
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Figure 8: Ligands in the EGF family in circulation can penetrate the blood-brain barrier (BBB) during early development and act on the
soma and terminals of dopamine neurons carrying ErbB1 and/or ErbB4. Exogenous EGF and NRG1 in the brain accelerate dopaminergic
development and trigger ectopic hyperinnervation. The hyperdopaminergic innervation specifically persists in the globus pallidus and/or
prefrontal cortex (mPFC). When the dopaminergic neurons are highly activated during and after adolescence, the excess amount of dopamine
is released at the inappropriate sites, producing abnormal behavior and cognition.

[10, 77, 78]. When the blood-brain barrier is not established,
or when the blood-brain barrier is disrupted, these factors
can efficiently reach brain neurons (Figure 8). In particular,
EGF-like ErbB ligands are overproduced in the periphery
or provided to blood stream following ischemic injury,
inflammation, viral infection, and obstetric complications,
which recruit inflammatory cytokines and trigger shedding
and release of EGF-like precursors. For instance, peripherally
produced EGF can penetrate the blood-brain barrier and
act on immature nigral dopamine neurons, perturb their
phenotypic development, and circuit connectivity in the basal
ganglia, which presumably leads to life-long dysfunction [58,
64]. Alternatively, pox virus infection in fetuses or neonates
may result in the production of NRG-like factors, which
hamper the target connectivity of VTA dopaminegic neurons
in the front-limbic regions [11].
In the postpubertal stage, when dopamine neurons are
most highly activated at the basal state, the neurobehavioral consequences from the hyperdopaminergic dysfunction
or ectopic innervation of dopaminergic terminals manifest
(Figure 8). This cytokine-driven dopaminergic dysfunction
might illustrate some of the psychopathological features of
schizophrenia, although it is possible that the responsible
factor(s) might be other cytokines other than EGF, NRG1,
or virokine. In this context, the cytokine hypothesis for
schizophrenia might occlude the other hypotheses such as the
immunoinflammatory hypothesis, developmental hypothesis, and dopamine hypothesis.
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Fibroblast growth factor 21 (FGF21) is an important endogenous regulator involved in the regulation of glucose and lipid
metabolism. FGF21 expression is strongly induced in animal and human subjects with metabolic diseases, but little is known about
the molecular mechanism. Endoplasmic reticulum (ER) stress plays an essential role in metabolic homeostasis and is observed
in numerous pathological processes, including type 2 diabetes, overweight, nonalcoholic fatty liver disease (NAFLD). In this
study, we investigate the correlation between the expression of FGF21 and ER stress. We demonstrated that TG-induced ER stress
directly regulated the expression and secretion of FGF21 in a dose- and time-dependent manner. FGF21 is the target gene for
activating transcription factor 4 (ATF4) and CCAAT enhancer binding protein homologous protein (CHOP). Suppression of CHOP
impaired the transcriptional activation of FGF21 by TG-induced ER stress in CHOP−/− mouse primary hepatocytes (MPH), and
overexpression of ATF4 and CHOP resulted in FGF21 promoter activation to initiate the transcriptional programme. In mRNA
stability assay, we indicated that ER stress increased the half-life of mRNA of FGF21 significantly. In conclusion, FGF21 expression is
regulated by ER stress via ATF- and CHOP-dependent transcriptional mechanism and posttranscriptional mechanism, respectively.

1. Introduction
The fibroblast growth factor family contains 22 members with
a wide range of biological functions relevant to regulating
cell growth, differentiation, wound healing, development,
and angiogenesis [1–3]. Fibroblast growth factor 21 (FGF21)
is a unique member of the FGF family and has broad
metabolic functions, including stimulating glucose uptake
insulin-independently and improving hyperglycemia and
dyslipidemia [4–7]. FGF21 has a protective effect on the
preservation of pancreatic 𝛽-cell function and promotes
hepatic and peripheral insulin sensitivity via the prevention
of lipolysis, which improves insulin resistance [8–10]. In

addition, FGF21 can resist the diet-induced obesity and
induce fatty acid oxidation [8, 11, 12]. At present, FGF21 is
considered as a novel metabolism regulator and has become
a focus of metabolic disease research.
FGF21 is expressed predominantly in liver and, to a
lower extent, in white adipose tissue, thymus, skeletal muscle,
and pancreatic 𝛽-cells [4, 9, 13]. Substantial clinical research
has focused on detecting FGF21 expression levels in various
pathological states. It has been reported that serum FGF21
and hepatic mRNA expression levels in patients with NAFLD
are significantly higher than levels in control subjects, which
correlates with a substantial increase in liver triglyceride
levels [14–16]. Plasma FGF21 was also found to elevate

2
in type 2 diabetic or impaired glucose tolerance patients
[17–19]. Circulating FGF21 levels were significantly higher
in overweight subjects than those in lean individuals [20,
21]. Animal studies have reported similar results, showing
increased FGF21 mRNA levels and serum FGF21 concentrations in the hepatic and adipose tissue of high fat diet-induced
and genetically obese mice compared with wild-type mice
[6, 8, 22]. An increase in FGF21 mRNA levels is similarly
induced by fasting [23–25]. It seems likely that FGF21 levels
are unchanged in different physiological states but increased
with stress in individuals who are either overweight or have
type 2 diabetes, or NAFLD. Based on these findings, we
propose that the mechanism of increased FGF21 levels in
metabolism disease may be due to feedback regulation, but
the mechanism responsible for the effect is still unclear.
Numerous studies indicated that ER stress was closely
related to metabolic diseases and it contributed to triggering
insulin resistance, obesity, and type 2 diabetes [26–29]. ER
is the site of synthesis, folding, and routing of proteins and
it plays a prominent role in maintaining Ca2+ homeostasis
in the cytosol. ER stress is a compensatory process that
aims to preserve cellular functions and survival and induce
by hypoxia, toxicity, infection, unfold protein accumulation, and perturbation of Ca2+ homeostasis [30]. ER stress
transducers, including PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring
enzyme 1 (IRE1), can be activated [31]. Phosphorylation
of eukaryotic initiation factor 𝛼 (eIF2𝛼), via activation
by PERK, leads to translational induction of ATF4. BiPfree pATF6(p) is transported to the Golgi apparatus where
it is processed to a transcriptionally active nuclear form
pATF6(N). Activated IRE1 site-specifically cleaves x-boxbinding protein 1 (XBP1) mRNA precursor to create the
mature XBP1 mRNA (XBP1-sp). ATF4, pATF6(N), and XBP1sp then activate transcription of CCAAT enhancer binding
protein homologous protein (CHOP) by binding to the
appropriate promoter region, and CHOP plays a crucial
role in ER stress-mediated apoptosis and in diseases including diabetes, brain ischemia, and neurodegenerative disease
[32].
Several studies have shown that upregulation of FGF21
is mediated by ATF4 under conditions causing cellular
stress, such as amino acid deprivation, autophagy, and
mitochondrial dysfunction [33–36]. ATF4 directly increases
FGF21 expression in cells with ER stress by binding to
both amino acid-responsive element 1 (AARE1) and amino
acid-responsive element 2 (AARE2) sequence on FGF21
[35, 37]. ATF4 activates the CHOP gene downstream,
but not much is known on the relationship between
CHOP and FGF21. To investigate whether FGF21 is regulated by ER stress via effects on AFT4 and CHOP, we
establish an ER stress cell model using TG (thapsigargin) in which we detect FGF21 and ER stress-specific
gene expression levels. We then demonstrated that TGinduced ER stress upregulates the expression and secretion of FGF21 by influencing ATF4 and CHOP, providing
insights on the mechanisms that link FGF21 and metabolic
diseases.
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2. Materials
Dulbecco’s modified Eagle’s medium (DMEM), penicillinstreptomycin (p-s), newborn calf serum (NCS), and fetal
bovine serum (FBS) were obtained from Gibco BRL (Grand
Island, NY, USA). TRIzol reagent was obtained from Invitrogen (Carlsbad, CA, USA). High-Capacity cDNA Reverse
Transcription Kits were obtained from Applied Biosystems (Foster City, CA, USA). QIAprep spin miniprep
kits were obtained from Qiagen. Restriction endonucleases
Hind III and Xho I were purchased from NEB (Ipswich,
MA, USA). Vector pGL4.17-Luc, Fugene HD reagents, and
Luciferase Assay System were obtained from Promega (Sunnyvale, CA, USA). Mouse FGF21 ELISA Kits were obtained
from R&D Systems (Minneapolis, MN, USA). Isobutyl-1methylxanthine (IBMX), Dexamethasone (DEX), Insulin,
Thapsigargin (TG), Actinomycin D, and all other chemical
reagents were obtained from Sigma-Aldrich (St. Louis, MO).

3. Methods
3.1. Cell Culture and Differentiation. 3T3-L1 murine
preadipocytes were obtained from the American Type
Culture Collection (Manassas, VA, USA). Cells were
cultured in DMEM containing 10% NCS and 1% p-s; cells
were induced to differentiate with DMEM plus 10% FBS,
1% p-s, 0.5 mM IBMX, 1 𝜇M of DEX, and 1.7 𝜇M Insulin
for two days. Then the induction medium was replaced by
DMEM with 10% FBS, 1% p-s, and 1.7 𝜇M Insulin for another
two days, followed by 10% FBS/DMEM medium, which was
changed every two days. After 5-6 additional days, more than
85% cells differentiated to mature adipocytes, which can be
used for the experiments.
3.2. Isolation and Culture of Mouse Primary Hepatocytes.
Primary hepatocytes were isolated from C57BL/6J wild type
(WT) and CHOP knockout (CHOP−/−) mice (male, 8 weeks)
and cultured as described previously [38]. Cells were maintained in serum-free William’E medium containing 0.1 𝜇M
Dex, 1% penicillin, and 1 𝜇M thyroxine. Before treatment,
cells were incubated at 37∘ C, in 5% CO2 for approximately
16 h or until they had attached.
3.3. RNA Isolation and Real-Time Reverse TranscriptionPolymerase Chain Reaction (RT-PCR). Total RNA was
extracted from 3T3-L1 adipocytes using the TRIzol reagent
according to the manufacturer’s instructions. Total RNA
(2 𝜇g) was used as a template for first-strand cDNA synthesis
using the High-Capacity cDNA Reverse Transcription Kit.
The mRNA levels of ATF4, splicing of XBP1 (XBP1-sp),
CHOP, and FGF21 were quantified using the following
primers. ATF4 forward primer 5 -CCT AGG TCT CTT
AGA TGA CTA TCT GGA GG-3 , ATF4 reverse primer
5 -CCA GGT CAT CCA TTC GAA ACA GAG CAT CG-3 ;
XBP1-sp forward primer 5 -TGA GTC CGC AGC AGG
TG-3 , XBP1-sp reverse primer 5 -GAC AGG GTC CAA
CTT GT-3 ; CHOP forward primer 5 -GCT CCT GCC TTT
CAC CTT GG-3 , CHOP reverse primer 5 -GGT TTT TGA
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TTC TTC CTC TTC-3 ; FGF21 forward primer 5 -GCA
GTC CAG AAA GTC TCC-3 , FGF21 reverse primer 5 -TGT
AAC CGT CCT CCA GCA G-3 ; iQ SYBR Green Supermix
was used as a fluorescent dye to detect the presence of
double-stranded DNA. The mRNA levels of each target gene
were normalized to an endogenous control Glyceraldehyde3-phosphate dehydrogenase (GAPDH). GAPDH forward
primer 5 -GTC GTG GAT CTG ACG TGC C-3 , GAPDH
reverse primer 5 -GAT GCC TGC TTC ACC ACC TT-3 .
The ratio of normalized mean value for each treatment group
to vehicle control group (DMSO) was calculated.
3.4. Enzyme-Linked Immunosorbent Assay (ELISA) of FGF21.
3T3-L1 adipocytes were treated with TG (0, 12.5, 25, 50, and
100 nM) for 24 h, or TG (100 nM) for 0, 2, 4, 8, 16, and
24 h. The accumulated FGF21 in the culture medium was
determined using ELISA Kit according to the manufacturer’s
instructions. The total protein concentrations of viable cells
were determined using the Bio-Rad Protein Assay reagent.
The total amounts of the FGF21 in medium were normalized
to the total protein amounts and reported as pg/mg protein.
3.5. Plasmids Construction and Luciferase Assay. The mouse
FGF21 promoter constructs −1497/+5 were generously provided by Dr. Wenke Feng (The University of Louisville,
Louisville, USA) and subcloned into pGL4.17-Luc luciferase
report vector using Hind III and Xho I sites. The expression
vector containing the coding sequence of ATF4 or CHOP was
preserved in our laboratory. All plasmids were propagated
in Escherichia coli DH5𝛼 and isolated using QIAprep spin
miniprep kit (Qiagen). 293T cells were plated in 6-well plates
24 h before transfection. Cells were transfected with 2 𝜇g
of pGL4.17 promoter FGF21 (−1497/+5), 2 𝜇g of ATF4, or
CHOP expression vector using Fugene HD (Promega). 48 h
after transfection, the cells were harvested and lysed, and
the luciferase activity was measured using the Luciferase
Assay System (Promega). The transfection efficiency was
normalized to cotransfection of 1 𝜇g of GFP vector.
3.6. Assessment of FGF21 mRNA Stability. 3T3-L1 mature
adipocytes were treated with TG (100 nM)/DTT or vehicle
control for 4 h; then Actinomycin D (5.0 𝜇g/mL) was added
to the medium (time 0 h). The mRNA of the cells was isolated
after added Actinomycin D for 0.5, 1, 2, 4, and 6 h. FGF21,
ATF4, XBP1-sp, and CHOP mRNA levels were detected using
real-time RT-PCR as described in the previous section; the
results are expressed as the fold of the mRNA value at the time
of Actinomycin D addition.
3.7. Statistical Analysis. All of the experiments were repeated
at least three times; results were stated as the mean ±
standard error. One-way ANOVA was employed to analyze
the differences between sets of data. Statistics were performed
using GraphPad Pro. A value of 𝑃 < 0.05 was considered
significant.

3

4. Results
4.1. ER Stress Increases FGF21 Expression. To investigate the
effect of ER stress on FGF21 mRNA levels, we treated 3T3L1 adipocytes with TG, a potent ER stress activator, by
disturbing ER calcium homeostasis. The mRNA levels of ER
stress-specific genes (ATF4, XBP1-sp, and CHOP) and FGF21
were detected using real-time RT-PCR. We observed that
TG increased FGF21mRNA expression in a time-dependent
manner (Figure 1(a)). However, the expression levels at 24 h
were lower than those at 16 h, perhaps due to cell toxicity. As shown in Figure 1(b), after the 3T3-L1 adipocytes
were incubated with 12.5, 25, and 100 nM TG for 16 h, the
levels of FGF21 mRNA were significantly increased in a
concentration-dependent manner compared with the vehicle
control group.
4.2. ER Stress Induces FGF21 Secretion. Based on the above
findings, a model of TG-induced stress in 3T3-L1 adipocytes
was established, and we used this model to examine whether
ER stress increases FGF21 secretion. Differentiated 3T3-L1
cells were treated with TG; the FGF21 protein levels in the
medium were measured using ELISA. As shown in Figures
2(a) and 2(b), TG-induced ER stress led to increase in
secreted FGF21 in a time- and dose-dependent manner. TG
induced FGF21 protein level to a 40-fold rise at concentration
of 100 nM for 24 h.
4.3. Knockout of CHOP Decreases FGF21 Expression. CHOP
is a major transcription factor involved in ER stress. To
determine whether CHOP expression contributes to ER
stress-induced upregulation of FGF21, we isolated MPH from
WT and CHOP−/− mice and treated the cells with TG for
24 h. In WT MPH, TG promoted the mRNA levels of CHOP
and FGF21. However, in CHOP−/− MPH, TG failed to induce
FGF21 expression, because ATF4 is upstream gene of CHOP
and there is no effect of CHOP knockout on the activation
of ATF4. Moreover, much research indicated that ATF4 can
induce FGF21 expression under stress [33–37]. As depicted
in Figure 3, an absence of CHOP expression significantly
increased FGF21 gene expression by 30%. These results
indicate that CHOP may be a key player in the mechanism
by which TG-induces increased FGF21 expression in MPH.
4.4. ATF4 and CHOP Increase FGF21 Promoter-Driven Transcription. To address the mechanism of TG-induced stress
regulating FGF21 expression, we subcloned the FGF21 promoter (−1497/+5) into the pGL4.17-Luc luciferase report vector and measured the ability of ATF4 or CHOP to regulate the
activation of the FGF21 promoter using a cotransfection assay.
A previous study has reported that FGF21 expression could
be mimicked by overexpression of ATF4 [37]. Unlike 3T3-L1
cell line, 293T cells can be transfected with high efficiency.
293T cells were cotransfected with pGL4.17-Luc luciferase
report vector, which was inserted the mouse FGF21 promoter and expression vector for ATF4 or CHOP. Luciferase
activity was determined at 48 h after transfection. Figure 4(a)
demonstrates that, compared with the control group, ATF4
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Figure 1: ER stress increases FGF21 mRNA levels. (a) 3T3-L1 adipocytes were treated with TG (100 nM) for 0, 2, 4, 8, 16, and 24 h; (b) 3T3-L1
adipocytes were treated with TG (25, 50, and 100 nM) for 16 h. Total cellular RNA was isolated. The mRNA levels of ATF4, XBP1-sp, CHOP,
and FGF21 were measured by real-time RT-PCR. Values are mean ± S.E. of three independent experiments. Statistical significance relative to
vehicle control: ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01; ∗∗∗ 𝑃 < 0.001.
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Figure 3: Knockout of CHOP decreases FGF21 expression. WT and CHOP−/− mouse primary hepatocytes were treated for 24 h with
increasing concentration of TG. Total cellular RNA was isolated and the mRNA levels of CHOP and FGF21 were measured by real-time
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overexpression enhanced FGF21 promoter activity more than
3-fold. This is consistent with the result of a previous study
[37] that reported that there are two conserved ATF4-binding
sites in the promoter region of the FGF21 gene and that
FGF21 expression can be mimicked by overexpression of
ATF4. CHOP is one of the genes that is downstream of ATF4.
We hypothesized that CHOP would induce FGF21 expression
similar to ATF4. We transfected HEK293 cells with the FGF21
reporter construct and CHOP. As shown in Figure 4(b), similar to ATF4, CHOP overexpression significantly increased the
transcription of an FGF21 promoter-driven reporter. These
findings indicate that ATF4 and CHOP upregulate FGF21

expression by activating the promoter in an environment of
TG-induced ER stress.

4.5. ER Stress Increases FGF21 mRNA Stability. Posttranscriptional regulation is a major mechanism for the expression of cytokines. To determine whether TG- or DTT(dithiothreitol-) induced ER stress increases FGF21 expression by regulating mRNA stability, we examined the effects
of TG/DTT on the mRNA stability of FGF21 in 3T3-L1
adipocytes. The results indicated that TG and DTT increased
the half-life of mRNA of FGF21 significantly but had no effect
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on ER stress-specific genes (Figure 5). This result suggested
TG- and DTT-induced ER stress activate FGF21 expression
by increasing mRNA stability specifically.

5. Discussion
FGF21 acts as a hormone-like cytokine on multiple tissues to
coordinate carbohydrate and lipid metabolism [4]. Clinical
research has shown that serum FGF21 levels are higher in

subjects who are overweight, have NAFLD, or are type 2
diabetic [14–18, 20]. Similarly, circulating FGF21 concentrations in db/db mice were much higher than normal, as were
the FGF21 mRNA levels in both the liver and white adipose
tissue [6, 8, 22]. Previous studies have reported that FGF21
expression is mediated by several transcriptional activators
and their DNA response elements. Gene expression of FGF21
is induced directly by PPAR𝛼 in response to starvation and
ketotic states and PPAR𝛼 agonists in liver [23, 25] as well as
in cultured adipocytes and adipose tissue by PPAR𝛾 [39–41].
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Activation of the farnesoid X receptor (FXR) increased FGF21
gene expression and secretion was mediated by FXR/retinoid
X receptor binding site in 5 -flanking region of the FGF21
gene [42]. A study demonstrated that glucose activation of
carbohydrate response element binding protein (ChREBP) is
involved in the upregulation of FGF21 mRNA expression in
liver [43]. Retinoic acid receptor-related receptor 𝛼 (ROR𝛼)
also induces expression and secretion of FGF21, and there is
a canonical ROR response element in the proximal promoter
of FGF21 gene that exhibits functional activity [44]. PGC-1𝛼mediated reduction of FGF21 expression is dependent on the
expression of its ligand, ALAS-1, and Rev-Erb𝛼 [45].
In addition, studies by Schaap et al. suggest that FGF21
expression is regulated by ER stress [37]. The authors reported
that FGF21 mRNA is increased by TG-induced ER stress
in rat H4IIE cells and rat primary hepatocytes. Moreover,
intraperitoneal injection of the ER stressor tunicamycin
induced hepatic FGF21 expression in mice and resulted in
marked elevation of serum FGF21 levels [37]. Consistent with
these new findings, we observed that TG-induced ER stress
elevated FGF21 expression and secretion in murine 3T3-L1
adipocytes along with increasing ATF4 expression.
PERK (PKR-like ER kinase) is one of the major ER stress
pathways. PERK can induce CHOP via activating ATF4.
However, there was no information regarding the regulation
of FGF21 by CHOP. We show for the first time that CHOP
can increase FGF21 expression by activating transcription
via promoter elements and enhancing mRNA stability in ER
stress. We analyzed mouse FGF21 (−1497/+5) promoter and
confirmed the absence of the conserved CHOP binding site
5 -(A/G) (A/G) TGCAAT (A/C) CCC-3 . Thus, FGF21 was
not directly responsive to CHOP directly. To the contrary, our
data demonstrates that CHOP can induce the transcription of
a FGF21 promoter-driven reporter (Figure 4(b)). CHOP may
also regulate the expression of FGF21 indirectly by activating
other cytokines and intracellular stress signaling pathways,
though this remains to be determined conclusively.
Gene expression can be regulated by posttranscriptional
control of mRNA stability [46]. The presence of AU-rich
elements (AREs) in the 3 -untranslated region (3 -UTR) is
essential for stabilization or degradation of mRNA of inflammatory factor [47]. The RNA-binding proteins (RBPs), such
as HuR, AUF1, and CUG-BP1, positively regulate stability
of many target mRNA via binding AREs present in the 3 UTR [48, 49]. In this study, we identified for the first time
that increased FGF21 mRNA stability, through the binding of
RBPs to its target mRNAs, is responsible for elevated FGF21
levels by TG- or DTT-induced ER stress in differentiated 3T3L1 cells.
In conclusion, these findings suggest that FGF21 is the target gene for ATF4 and CHOP, and transcription and mRNA
stabilization are responsible for ATF4 and CHOP mediated
induction of FGF21 expression in ER stress. Thus, we indicate
ER stress is the key mechanism for regulating FGF21 in
several metabolic diseases. Moreover, our studies provide
important information about the FGF21 signaling pathway
and the clinical significance of FGF21 in the development
of metabolic diseases. Compared with WT MPH, FGF21
mRNA levels are reduced in CHOP−/− MPH treated with
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TG; however, the effects of CHOP overexpression on FGF21
levels are not understood. And it remains to be detected
that the synergistic effect of ATF4 and CHOP on FGF21
expression. Moreover, further prospective studies are needed
to determine the specific RBPs and their binding sites in
FGF21 3 -UTR as well as the signaling pathway of CHOPdependent activation of FGF21 in ER stress.
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Vascular dementia is caused by various factors, including increased age, diabetes, hypertension, atherosclerosis, and stroke.
Adiponectin is an adipokine secreted by adipose tissue. Adiponectin is widely known as a regulating factor related to cardiovascular
disease and diabetes. Adiponectin plasma levels decrease with age. Decreased adiponectin increases the risk of cardiovascular
disease and diabetes. Adiponectin improves hypertension and atherosclerosis by acting as a vasodilator and antiatherogenic factor.
Moreover, adiponectin is involved in cognitive dysfunction via modulation of insulin signal transduction in the brain. Case-control
studies demonstrate the association between low adiponectin and increased risk of stroke, hypertension, and diabetes. This review
summarizes the recent findings on the association between risk factors for vascular dementia and adiponectin. To emphasize this
relationship, we will discuss the importance of research regarding the role of adiponectin in vascular dementia.

1. Introduction
Vascular dementia is the second most common type of
dementia, accounting for 15 to 20% of all cases of dementia [1]. It is characterized by cognitive impairment and
cerebrovascular pathologies [2]. According to the World
Alzheimer Report 2011, an estimated 36 million people worldwide were afflicted with dementia. This number is increasing
twofold every 20 years and will likely reach 115 million
people by 2050 [3, 4]. Among the subtypes of dementia,
vascular dementia is important because it results from a
variety of causes, including cerebrovascular dysfunction.
Vascular dementia and cerebrovascular diseases have common risk factors including hypertension, insulin resistance,
diabetes, obesity, hyperhomocystinemia, and hyperlipidemia
[5–8]. Recent clinical-pathological studies have focused on
cognitive impairment and increased risk of dementia in
patients with cerebrovascular disease [2, 9, 10]. In addition,
vascular dementia is the most severe form of vascular
cognitive impairment (VCI) [2, 11], and it results from
subclinical vascular brain injury and stroke. VCI reflects the
full range of cognitive alterations due to vascular factors [12].

A previous study demonstrates that reducing vascular risk
factors inhibits cognitive decline progression [12]. Type 2
diabetes mellitus (T2DM), a risk factor for vascular dementia, is a heterogeneous metabolic disease characterized by
reduced insulin sensitivity and relative insulin deficiency.
T2DM and dyslipidemia frequently coexist with vascular
dementia [13]. Adiponectin is almost exclusively secreted
by adipocytes, and it appears to act as a modulator of
anti-inflammation and insulin-sensitizer [14]. Adiponectin
has beneficial effects on endothelial cells and affects the
progression of stroke, atherosclerosis, and hypertension [15–
20]. Plasma adiponectin levels are decreased in patients
with cardiovascular disease and several metabolic disorders
[21]. Several studies reported an inverse relationship between
plasma adiponectin and T2DM [22–26]. In this review, we
examine current research regarding the relationship between
risk factors for vascular dementia and adiponectin.

2. Risk Factors for Vascular Dementia
Vascular dementia is regarded as the most severe form of VCI
characterized by the presence of clinical stroke or vascular
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brain injury as well as cognitive impairment [2, 11, 27]. Several
studies suggest that the risk factors for vascular dementia
are almost identical as the risk factors for VCI. Common
risk factors in both animal models and humans include
hypertension, insulin resistance, hyperlipidemia, hyperhomocystinemia, atherosclerosis, and diabetes [28–32]. Age
is also a risk factor for vascular dementia, suggesting that
dementia in patients after the age of 65 increased gradually
[33]. In addition, cerebrovascular dysfunction is a risk factor
because the cerebrovascular function is reduced in patients
with dementia [34–42]. In addition, another study suggests that metabolic syndrome, including insulin resistance,
hypertension, and dyslipidemia, is associated with cognitive
decline, a typical feature of vascular dementia [30]. Figure 1
shows that vascular dementia risk factors include aging,
diabetes, hypertension, atherosclerosis, and stroke (Figure 1).

3. Adiponectin
Adiponectin is one of the most abundant adipokines [43, 44].
It has significant sequence similarities with complement factor C1q, whose protein is termed Acrp30 because it is a 30 kDa
adipocyte complement-related protein [45, 46]. Adiponectin
is the protein produced by adipose’s most abundant gene
transcript 1 (APM1) gene, and APM1 gene is located on chromosome 3q27, a region associated with T2DM and metabolic
syndrome susceptibility [47–50]. Several human genetic
association studies emphasized that hypoadiponectinemia
caused by the single nucleotides polymorphisms (SNPs) in
APM1 gene is important to investigate the role of adiponectin
in a variety of diseases [14, 51–54] including insulin resistance,
T2DM, and metabolic syndrome, such as obesity [55]. In
white French subjects, 2 SNPs in the promoter region of
APM1 gene, SNP 11377 and SNP 11391, were strongly related to
hypoadiponectinemia and T2DM [50]. In white German and
North American subjects, the +276 G/T SNP was associated
with obesity and insulin resistance [52, 56]. In Chinese
subjects, the +276 G/T SNP was significantly involved in the
coronary heart disease [57]. Adiponectin acts via binding
its receptors, adiponectin receptor type 1 (AdipoR1) and
type 2 (AdipoR2). AdipoR1 has a higher binding affinity
to the globular form of adiponectin, whereas AdipoR2 has
a higher binding affinity to full-length adiponectin [58].
Adiponectin binds to the C-terminal extracellular domain of
AdipoR, and the N-terminal cytoplasmic domain interacts
with APPL1 [59]. Adiponectin receptors are expressed in
liver, hypothalamus, and brain vascular endothelial cells [60–
62]. Adiponectin is associated with insulin resistance, obesity,
T2DM, dyslipidemia, and cardiovascular diseases [63–70]. It
is an effective insulin sensitizer [64, 71, 72], and it promotes
peripheral insulin sensitivity [14] and inhibits liver gluconeogenesis [73]. Decreases in circulating adiponectin in the
prediabetic state lead to insulin resistance [74]. Adiponectin
activates AMP-activated protein kinase (AMPK), which
activates insulin-independent glucose uptake by muscle,
downregulates gluconeogenic enzymes, and increases muscle
fatty acid oxidation [73]. Unlike other adipocyte-derived
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Figure 1: Risk factors for vascular dementia and adiponectin. Vascular dementia risk factors include aging, diabetes, hypertension,
atherosclerosis, and stroke. Adiponectin is related to aging, diabetes,
hypertension, atherosclerosis, and stroke by acting as a modulator or
regulator in various mechanisms. Current researches have reported
the role of adiponectin in diabetes, hypertension, atherosclerosis,
and stroke.

hormones, adiponectin gene expression and plasma concentration are inversely associated with body mass index
(BMI) [75]. Reduced plasma adiponectin levels have also
been reported in patients with coronary artery disease [19] as
well as those with increased carotid intima media thickness
[76]. Plasma adiponectin levels are inversely related to the
platelet activation status of patients with cardiovascular risk
factors [20]. Adiponectin suppresses platelet aggregation in
hyperlipidemic rats by reversing the increase in inducible
nitric oxide synthase expression while enhancing endothelial
nitric oxide synthase activation [77, 78]. Current studies have
reported the association between adiponectin and various
diseases because adiponectin has multiple roles in glucose
and lipid metabolisms and vascular system.

4. Adiponectin, Aging, and Diabetes
4.1. Aging, Insulin Signal Transduction, and Adipocytokines.
Recently, the number of elderly patients with dementia
has been increasing rapidly [79]. One epidemiology study
suggests an exponential increase in the incidence of dementia
after the age of 65, doubling roughly every 5 years, such
that greater than 50% of centenarians are expected to suffer
from dementia [33]. Aging induces an oxidative redox shift
by attenuating mitochondrial metabolism and changing glycolysis metabolism [80]. These alterations initiate a damaging
pathway involving signaling molecules, transcription factors,
and epigenetic transcriptional regulators [80, 81]. Among
several important pathways for maintaining longevity, insulin
sensitivity has been considered a key factor for the healthy
aging phenotype in humans [82, 83] and mice [84, 85]. Several
studies have reported that insulin and insulin growth factor1 (IGF-1) receptor regulate the lifespan of mice [86, 87]. In
humans, growth hormone (GH) and IGF-1 deficiencies are
also associated with life expectancy [88]. Insulin sensitivity
normally decreases during aging, and the prevalence of
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metabolic syndrome (MetS) and insulin resistance substantially increases [89, 90]. In elderly persons, decreased insulin
receptor (IR) levels and impaired insulin signaling have
been observed predominantly in the hippocampus cortex
and choroid plexus [81]. Impaired insulin receptor binding
promotes chronic insulin resistance [91]. Muller et al. [92]
reported that IGF-I signaling deteriorated in the brains of
aged mice. This study demonstrated that activation of the
brain IGF-1R/Akt/GSK-3𝛽 pathway was evidently reduced
although older mice have higher brain IGF-1R levels [92].
In humans, insulin sensitivity decreases with aging and the
prevalence of T2DM increases with advancing age [89, 90].
Reduced mitochondrial function contributes to decline in
glucose uptake with advancing age and leads to insulin
resistance [93–97]. IGF-1 concentrations decline with age and
are associated with age-related changes in body composition
by both increasing fat mass and decreasing muscle mass [98–
100]. Aging alters the function and number of adipose cells
which cause alterations in the secretion and function of the
adipocytokines such as leptin and adiponectin [101]. A recent
study demonstrated that cellular senescence of adipose tissue
causes insulin resistance [102]. Considering these evidences,
aging alters the function of adipose cells, and alteration in
secretion of adipocytokines attenuates insulin sensitivity.
4.2. Adiponectin and Insulin Signal Transduction. Insulin
and IRs are ubiquitously expressed in the brain [81, 103]
where insulin can reach levels 10- to 100-fold greater
than in plasma, particularly in the hippocampus, cortex,
hypothalamus, olfactory bulb, and pituitary [81, 104]. IRs
are largely localized in neurons and are less abundant
in glia [103, 105]. Insulin produced by pancreatic 𝛽-cells
is transported by cerebrospinal fluid (CSF) to the brain
where it crosses the blood-brain barrier (BBB) [106, 107].
Similar to IRs, IGF-1Rs are widely distributed in the brain
[107, 108]. Insulin/IGF-1-mediated activation of Akt leads
to GSK-3𝛽 inactivation, which triggers multiple cascades,
including synthesis of proteins involved in neuronal glucose metabolism and antiapoptotic mechanisms [104, 109].
Regarding brain glucose metabolism, recent studies suggest
that changes in circulating insulin levels modulate glucose
transporter (GLUT) expression [110, 111]. Cerebral IRs and
IGF-1Rs are involved in cortical and hippocampal synaptic
plasticity, thereby affecting memory and learning [105, 112].
In brain, insulin contributes to memory function through
regulation of neurotransmitter receptors and synaptic function [113, 114]. Additionally, insulin signal transduction also
promotes neurite outgrowth and axonal regeneration in the
brain [105, 112, 115]. In the brain, insulin resistance results
from perturbation of insulin signal transduction, causing
systemic hyperglycemia. Decreased insulin and IGF-1 have
been observed in Alzheimer’s disease brain [116, 117]. Also,
decreased insulin receptor substrate (IRS) protein levels
related to insulin resistance [118] are associated with cognitive
decline in dementia [119]. Impaired insulin transduction
aggravates features of Alzheimer’s disease including formation of neurofibrillary tangle caused by the decreasing brain
glucose level and the increase of amyloid 𝛽 aggregation
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[104, 106, 118, 120–122]. In addition, insulin resistance
is closely linked with other metabolic symptoms, including hypertension and hyperlipidemia [123]. Adiponectin
directly regulates glucose metabolism and insulin sensitivity. Adiponectin, via activation of AMPK and adiponectin,
stimulates GLUT4 translocation and glucose uptake [124].
Adiponectin receptors activate AMPK, PPAR-𝛼, and p38
MAPK to increase insulin sensitivity [58, 125]. An adaptor
protein, APPL1, binds to adiponectin receptors that activate the AMPK and p38 MAPK pathways [126]. In addition, adiponectin decreases insulin resistance by decreasing
triglyceride content in obese mice [127]. Increased tissue
triglyceride content has been reported to interfere with
insulin-stimulated phosphatidylinositol (PI) 3-kinase activation and subsequent GLUT 4 translocation and glucose
uptake, thus leading to insulin resistance. Adipose tissue
deficiency or lipodystrophy is associated with insulin resistance and metabolic dysregulation [128]. Adiponectin knockout mice show impaired insulin secretion, and intravenous
adiponectin injection into C57BL/6 mice induces insulin
secretion [129, 130]. AdipoR1 and 2 double knockout mice
have increased triglyceride levels in the liver and exhibit
insulin resistance and glucose intolerance, suggesting that
AdipoR1 and AdipoR2 regulate lipid and glucose homeostasis
[14, 131]. In conclusion, adiponectin and adiponectin receptors improve insulin resistance by modulating triglyceride
level and impaired insulin signal transduction. Thus, regulation of adiponectin is important impaired insulin signal
transduction to improve and also adiponectin may contribute
to the improvement of cognitive decline in dementia.
4.3. Adiponectin, Diabetes, and Vascular Dementia. Diabetes
characterized by reduced insulin sensitivity is associated
with thrombosis, myocardial infarction, and cerebrovascular
disease, which can lead to infarctions and white matter
ischemia [132]. Macrovascular disease causes approximately
80% of mortality in patients with T2DM. The risk of vascular
diseases in patients with T2DM is decreased by lowering
the blood pressure of patients with hypertension [133–135].
In addition, diabetes and hypoglycemia are associated with
cognitive impairment [136–138]. Yaffe et al., in a 4-year
prospective study, suggested that older women with impaired
fasting glucose levels performed poorly on cognitive tests
compared to those with normal glycemia [139]. Considering
these associations, diabetes may be regarded as a risk factor
of vascular dementia. Adiponectin levels are elevated in type
I diabetics compared with healthy controls [140]. Several
studies have consistently found that increased adiponectin
levels are associated with reduced risk for T2DM [22, 25, 26].
Hypoadiponectinemia has been considered an underlying
mechanism of insulin resistance in T2DM [141–145]. In crosssectional studies, plasma adiponectin concentrations were
significantly lower in patients with diabetes [146]. In a 5year follow-up study of 1096 nondiabetics, the association
between adiponectin and T2DM was attenuated after adjustment for homeostatic model assessment of insulin resistance
(HOMA-IR) and was eliminated after adjustment for insulin
sensitivity. These data suggest that the antidiabetic effect of
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Figure 2: Adiponectin improves insulin sensitivity and reduces diabetes and vascular dementia risk. Adiponectin stimulates AMPK
phosphorylation, GLUT4 translocation, and MAPK pathways. Adiponectin also reduces the levels of triglyceride. Consequentially,
adiponectin increases glucose uptake and insulin sensitivity and reduces insulin resistance. In addition, adiponectin improves the cognitive
decline by modulating impaired insulin signal transduction in vascular dementia brain. These mechanisms decrease the risk of diabetes and
vascular dementia. Also, these mechanisms improve the memory dysfunction in dementia. AMPK: AMP-activated kinase, GLUT4: glucose
transporter type 4, and MAPK: mitogen activated protein kinase.

adiponectin is due to insulin sensitization [147]. Adiponectin
predicts against diabetes onset, and diabetic patients always
show lower plasma adiponectin levels compared to the
general population [148]. Thus, adiponectin reduces the risk
of diabetes by regulating insulin signal transduction and
insulin resistance. Suppression of adiponectin aggravates
diabetes as a risk for vascular dementia. Figure 2 shows that
adiponectin stimulates the phosphorylation of AMPK and
GLUT4 translocation and attenuates levels of triglyceride. As
a result, adiponectin enhances glucose uptake and insulin
sensitivity. This indicates that adiponectin reduces the risk of
diabetes and vascular dementia (Figure 2).

5. Adiponectin, Hypertension, and Stroke
5.1. Adiponectin and Hypertension. Hypertension has been
reported as the most common risk factor for stroke worldwide and has also been gradually recognized as a risk factor
for dementia [149]. Arterial hypertension contributes to
the development and progression of cerebrovascular disease
[150]. Hypertension exposes the cerebral microvasculature to
pulsatile pressure and flow that cause vascular endothelium
and smooth muscle cell tearing [151]. Many cross-sectional
and longitudinal studies have demonstrated that dementia
and VCI are associated with hypertension [152–156]. Therefore, previous studies suggest that hypertension is the most
important risk factor for cerebral vessel dysfunction, and
it contributes to cognitive decline [157, 158]. Pulse pressure
(PP), a marker of arterial stiffness, has been connected with
the risk of cognitive decline [159] and AD [160, 161]. Elevated
pulse pressure increases the risk of cognitive decline and
impaired language abilities [162]. Decreased blood pressure
(BP) is a clinical manifestation of dementia in elderly subjects
[163, 164]. Endothelial nitric oxide synthase (eNOS) and
nitric oxide (NO) are crucial regulators of vascular homeostasis and, in particular, endothelial function [165, 166].
Endothelium-derived NO is a beneficial factor that promotes vasodilation and inhibits platelet aggregation, monocyte adhesion, and smooth muscle cell proliferation [167].

Adiponectin, acting via AdipoR1 and AdipoR2, promotes
NO production through AMPK signaling pathway activation.
AMPK activates eNOS through phosphorylation at Ser1177
and facilitates complex formation between eNOS and heat
shock protein 90 (HSP-90), which is required for eNOS
activation [167]. Adiponectin knockout mice have reduced
endothelial NO levels in vessel walls [168]. Adiponectin
inhibits the inflammatory response and causes vasodilatation largely through AMPK/eNOS [169–172]. Adiponectininduced AMPK signaling promotes phosphatidylinositol 3kinase-Akt signaling, leading to angiogenic growth factor synthesis [170, 173]. A recent study also suggests that
adiponectin inhibits vascular endothelial growth factor(VEGF-) induced ROS generation and has an antioxidant
role in the vasculature [174]. These actions of adiponectin
are also mediated via inhibition of growth factor-stimulated
extracellular signal regulated kinase (ERK) signaling. In
addition, several studies indicate that adiponectin plays a
role in the regulation of microvascular network flow and
function [175, 176]. Some clinical research demonstrates that
plasma adiponectin levels are positively associated with arterial vasodilation [177]. Considering the role of adiponectin
in vascular function, decreased adiponectin raises the risk
of hypertension. Figure 3 shows that adiponectin increases
AMPK phosphorylation and NO production. Platelet aggregation is decreased and vasodilation is increased due to
NO production. Finally, adiponectin decreases the risk of
hypertension and improves vascular cognitive impairment
(Figure 3).
5.2. Adiponectin and Atherosclerosis. Atherosclerosis is a
degenerative vessel disease that frequently affects large- to
medium-sized arteries. In the brain, vessels of the circle of
Willis are often involved [178]. Atherosclerotic plaques are
prone to rupture with subsequent thrombosis [179, 180].
The thrombus resulting from plaque rupture leads to vessel
occlusion or embolizes a smaller artery [181]. Atherosclerosis plaque rupture is related to inflammation, including secretion of cytokines and matrix-metalloproteinases,
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Figure 3: Adiponectin improves vascular cognitive impairment by stimulating NO production. Adiponectin, acting via AdipoR1 and
AdipoR2, promotes AMPK phosphorylation and NO production. Increased NO reduces platelet aggregation and increases vasodilation.
Consequentially, adiponectin decreases the risk of hypertension and improves vascular cognitive impairment. AMPK: AMP-activated kinase
and NO: nitric oxide.

which are involved in vessel wall degradation [182–186].
Adiponectin plays the role of an antiatherogenic and antiinflammatory modulator [18]. Several studies suggest that
adiponectin inhibits many peptides and cytokines related
to atherosclerosis progression [187]. Adiponectin inhibits
monocyte adherence to TNF-𝛼-stimulated endothelial cells
by suppressing adhesion molecule expression [188, 189].
Adiponectin directly inhibits atherogenic molecules, such as
intracellular adhesion molecule-1, vascular cellular adhesion
molecule-1, and E-selectin, which are molecules associated
with heightened leukocyte trafficking [189]. Adiponectin also
attenuates expression of class A scavenger receptor in human
macrophages and inhibits transformation of macrophages to
foam cells [190]. The association between adiponectin and
atherogenic factors indicates that regulation of adiponectin
is important in atherosclerosis.

size through nitric oxide synthase dependent mechanism in
cerebral ischemic stroke mice model [209, 210]. In addition,
adiponectin activates AMPK phosphorylation in cerebral
ischemic stroke mice model [211]. Then, the activation of
VEGF by the activated AMPK signaling promotes angiogenesis in cerebral ischemic brain [212, 213]. Considering the
results of the above studies, adiponectin is associated with
the risk of stroke and reduces cerebral ischemia induced
damage. This may be due to the roles of adiponectin as
an antiatherogenic modulator and a vasodilator in vascular
system. Figure 4 shows that adiponectin decreases the expression of atherogenic molecules and plaque formation in blood
vessels. Consequentially, adiponectin attenuates the risk of
stroke and vascular dementia (Figure 4).

5.3. Adiponectin and Stroke. Several studies reported that
stroke doubles the risk for dementia (poststroke dementia),
and approximately 30% of stroke patients develop cognitive
dysfunction within 3 years [191–194]. An association between
stroke and dementia is also observed in patients younger
than 50 years, and up to 50% of these patients exhibit
cognitive deficits after a decade [195]. One of the first
population-based studies to assess the relationship between
stroke and dementia was conducted in Rochester, Minnesota
[196]. Many stroke patients show gradual but continuous
deterioration after a single-stroke lesion. This deterioration
is characterized clinically by cognitive and behavioral dysfunction [197]. Several cross-sectional and retrospective casecontrol studies have reported an association between low
adiponectin levels and increased stroke risk [16, 198–201].
In addition, adiponectin levels are associated with coronary heart disease such as coronary vascular disease [202,
203]. Several studies demonstrate that hypoadiponectinemia
increases the prevalence of coronary vascular disease [189,
204]. Several studies demonstrated that adiponectin knockout (APN-KO) mice showed severe injuries during cerebral
ischemia-reperfusion [205, 206], while adiponectin injected
APN-KO mice were reduced pathological ischemia-induced
damage [207]. Adiponectin blocks the interaction between
the endothelial cells and leukocytes in ischemia-reperfusion
and also inhibits the secondary inflammation in cerebral
ischemia-reperfusion [208]. Adiponectin reduced the infarct

Risk factors for vascular dementia include advanced age, diabetes, hypertension, atherosclerosis, and stroke. Adiponectin,
an adipokine, acts as an antidiabetic and antiatherogenic
regulator. Insulin sensitivity is a key cellular mechanism
related to diabetes, cerebrovascular dysfunction, and cognitive decline. Adiponectin is involved in insulin sensitivity,
and increased adiponectin levels improve impaired insulin
signaling. Moreover, adiponectin affects the cerebrovascular function by stimulating NO production and inhibiting
transformation of macrophages to foam cells. Specifically, we
summarize the findings as follows.

6. Conclusions

(1) Vascular dementia characterized by cognitive decline
is associated with increased age because insulin
receptors, which are related to cognitive function,
decrease with age. Adiponectin is associated with
age-related diseases, including cardiovascular disease
and metabolic disease. Adiponectin is mediated via
the activation of AMPK, and adiponectin stimulates
GLUT4 translocation and glucose uptake. Moreover,
binding between adiponectin and adiponectin
receptors activates AMPK, PPAR-𝛼, and p38 MAPK
to increase insulin sensitivity. In addition, in clinical
studies, an association between decreased adiponectin and diabetes was demonstrated. In conclusion,
adiponectin improves impaired insulin signaling
and improves cognitive decline as a typical feature of
vascular dementia.
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Figure 4: Adiponectin attenuates the risk of stroke and vascular dementia. Adiponectin decreases the expression of atherogenic molecules and
formation of form cells in blood vessels. Adiponectin attenuates the risk of stroke by decreasing plaque formation in blood vessels. In addition,
adiponectin binds with AdipoR1 and AdipoR2 and then activates the phosphorylation of AMPK. Increased AMPK phosphorylation promotes
the activation of VEGF and NO synthase mechanism. As a result, adiponectin ameliorates angiogenesis in ischemic brain and reduces infarct
size in ischemic brain. Consequentially, adiponectin decreases the risk of stroke and vascular dementia. AMPK: AMP-activated kinase, VEGF:
vascular endothelial growth factor, and NO: nitric oxide.

(2) Vascular dementia characterized by cerebrovascular
dysfunction is associated with hypertension, atherosclerosis, and stroke. Adiponectin stimulates NO
production through the AMPK signaling pathway.
Adiponectin also plays the role of an antiatherogenic
modulator. Adiponectin inhibits atherogenic molecules and attenuates the transformation of macrophages
to foam cells. In conclusion, adiponectin improves
vascular dysfunction and alleviates the progression
of hypertension, atherosclerosis, and stroke as risk
factors for vascular dementia.
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The neurotrophins (NTs) nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), NT-3, and NT-4/5 are proteins
that regulate cell proliferation, differentiation, and survival in both the developing and mature central nervous system (CNS) by
binding to two receptor classes, Trk receptors and p75 NTR. Motivated by the broad growth- and survival-promoting effects of these
proteins, numerous studies have attempted to use exogenous NTs to prevent the death of cells that are associated with neurological
disease or promote the regeneration of severed axons caused by mechanical injury. Indeed, such neurotrophic effects have been
repeatedly demonstrated in animal models of stroke, nerve injury, and neurodegenerative disease. However, limitations, including
the short biological half-lives and poor blood-brain permeability of these proteins, prevent routine application from treating human
disease. In this report, we reviewed evidence for the neuroprotective efficacy of NTs in animal models, highlighting outstanding
technical challenges and discussing more recent attempts to harness the neuroprotective capacity of endogenous NTs using small
molecule inducers and cell transplantation.

1. Introduction: Current Challenges in
the Clinical Use of Neurotrophins
Preclinical research over the past 3 decades has described in
immense detail the signaling pathways that lead to neuronal
cell death [1, 2]. Moreover, a plethora of neuroprotective
strategies have been developed for ameliorating brain damage and preserving or restoring neurological function in
animal models of stroke, Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and other
neurological disorders [3–5]. Such treatments include the
administration of neurotrophic factors, which are endogenous proteins critical for proliferation, differentiation, and
survival during development and neuroplasticity throughout
life [6, 7]. Indeed, brain delivery of exogenous neurotrophic
factors, such as the neurotrophin nerve growth factor (NGF)
and brain-derived neurotrophic factor (BDNF), can reduce

infarct volumes by 60–90% with near total restoration of
behavioral function in experimental stroke models.
Despite this success in the laboratory, there are currently
no broadly effective treatments to reverse or halt the progression of these diseases in patients.
Numerous theories have been advanced to explain the
failure of neurotrophins in clinical trials, including limited
access of peripherally administered neurotrophins to the
central nerve system (CNS), the short biological half-lives of
neurotrophins, the multimodal nature of disease progression,
and the relatively short temporal window in which such
treatments are effective (at least for acute neural insults such
as stroke) [8]. For example, antistroke therapies must be
instituted within 1–6 h of the event for significant efficacy,
and few stroke patients can be treated within this timeframe.
Thus, prophylactic strategies that upregulate endogenous
protective capacity may be needed.
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In recent years, methods for delivery of neurotrophins
across the blood brain barrier (BBB) have advanced rapidly,
as has the development of smaller neurotrophin receptor
(Trk) agonists with significantly longer biological half-lives
and BBB permeability than native neurotrophins like BDNF
(serum half-life of ≈10 min) [9]. Perhaps the most difficult
problem is that of delivering these molecules to appropriate
targets, such as astrocyte cells, microglia cells, and vascular
endothelial cells as well as neurons, while limiting exposure
to undamaged brain tissue.
Despite these challenges, we may be close to developing
neurotrophin receptor agonists and delivery systems that
allow for rapid brain penetration to protect vulnerable human
neurons from cell death. This goal may be facilitated by the
fact that the many distinct pathogenic processes associated
with stroke, trauma, and neurodegenerative diseases appear
to converge on several mutually reinforcing final common
pathways: excitotoxicity by excess glutamate receptor stimulation, intracellular calcium overload, oxidative stress, mitochondrial failure, and apoptosis. Here, we review evidence
that neurotrophic factors can prevent neuronal death in
acute and chronic brain diseases and highlight the remaining
problems that have thus far prevented clinical application.

2. Neurotrophin-Mediated Protection against
Acute Neural Insult
2.1. Direct Neurotrophin Administration Reduces Stroke Damage. Numerous studies have demonstrated that neurotrophins, particularly BDNF, reduce infarct volume in rodents
when administered before, during, and/or after experimental
stroke [10]. These studies have used various strategies to
enhance the level of BDNF in brain. Intraventricular injection
of BDNF for 8 days at the beginning of 24 hours before permanent middle cerebral artery occlusion (MCAO) in Wistar
rats was found to improve neurological deficits [11]. Similarly,
BDNF was delivered into the territory of the MCA by an
osmotic minipump shortly after occlusion reduced cortical
infarct volume by 37% [12]. Infusion of recombinant BDNF
into Sprague-Dawley rat neocortex by an implanted osmotic
minipump 2.5–14 days before, during, and for 2 days following MCAO reduced infarct volume as measured 2 days after
stroke without affecting cerebral blood flow [13]. Continuous
BDNF infusion immediately following 2 h right MCAO in
rats reduced both cortical and subcortical infarct volume as
well as the number of neurons in the ischemic penumbra
expressing the proapoptotic factor Bax, while increasing the
number of neurons expressing antiapoptotic Bcl-2 [14]. It was
found that hippocampal CA1 pyramidal neurons were rescued by intraventricular injection of a viral vector encoding
BDNF, as well as similar vectors encoding glial-derived neurotrophic factor (GDNF), NGF, insulin-like growth factor-1
(IGF-1), or vascular endothelial growth factor (VEGF) 30 min
after the ischemic insult [15]. Transplantation of fresh bone
marrow (BM) together with BDNF into the ischemic boundary zone (IBZ) of the rat brain following MCAO facilitated
functional recovery of sensory and motor functions [16]. The
effects of BDNF on infarct size were synergistic with brain
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hypothermia, another well-described antistroke treatment.
Furthermore, postischemic striatal glutamate concentrations
were reduced to a greater extent by combining BDNF and
hypothermia than for either treatment alone [17].
Transplantation of choroid plexus (CP), which is known
to secrete a variety of growth factors including BDNF, GDNF,
and NGF, reduced infarct volume in rats [18]. Injection of
neural progenitors into the hippocampus immediately after
cerebral ischemia increased spatial memory performance in
the Morris water maze (MWM) 12–28 days after cerebral
ischemia and reduced infarct volume. Injection of neural progenitor cells (NPCs) also reversed the postischemic decline
in BDNF expression [19]. Sodium orthovanadate protected
cortical and hippocampal neurons after experimental subarachnoid hemorrhage by increasing BDNF and inhibiting
BDNF receptor TrkB inactivation, effects that were abolished
by pretreatment with the TrkB inhibitor K252a [20].
While most of these studies examined infarct formation or neurological recovery in the early period following
ischemia, a more recent study demonstrated that transplantation of neural stem cells (NSCs) overexpressing BDNF
improved neurological function as late as 12 weeks after
MCAO [21]. In addition to grey matter damage, BDNF may
also reduce damage caused by lacunar-type stroke in primates following occlusion of the deep subcortical penetrating
arteries. Moreover, expression of BDNF was stimulated in
the affected white matter following ischemic injury [22]. In a
similar study, BDNF did not reduce infarct volume but still
resulted in greater functional recovery following ischemia
compared to controls. In addition, this treatment reduced
astrogliosis, a process that may impede long-term recovery
by blocking regrowth of axons [23].
Conversely, mice lacking a single BDNF allele or both
neurotrophin-4 alleles (nt4− /− ) exhibited larger cerebral
infarcts than wild-type littermates [24]. Transgenic mice
overexpressing the dominant-negative truncated variant of
the BDNF receptor (TrkB.T1) specifically in cortical and
hippocampal neurons exhibited greater damage in the cortex
but not in regions (striatum) without TrkB.T1 transgene
expression [25]. Infusion of an antisense BDNF oligonucleotide for 28 days after unilateral cortical ischemia blocked
BDNF mRNA expression and negated the beneficial effects
of motor rehabilitation on the recovery of skilled reaching by
the contralateral limb but had no effect on motor function of
the ipsilateral limb [26].
While neurotrophins are broadly neuroprotective against
experimental stoke, several studies have shown greater efficacy of one particular neurotrophin over others as well as
superior protection in specific brain regions. Infusion of
BDNF into the substantia nigra (SN) had no effect on survival
of nigrostriatal projection neurons after stroke and even exacerbated death of some striatal cholinergic and GABAergic
interneurons [27]. Conversely, BDNF may be more effective
than other neurotrophins against stroke-induced damage in
the cortex. Mesenchymal stem cells (MSCs) overexpressing
either BDNF or GDNF improved functional outcome as
revealed by MRI one and two weeks after MCAO, while
MSCs overexpressing the neurotrophin NT-3 did not [28].
Thus, region-specific administration may be necessary for full
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efficacy, and this constitutes a major hurdle for noninvasive
peripheral administration.
2.2. Neurotrophins Mediate the Protective Efficacy of Other
Treatments. The neuroprotective efficacies of many other
manipulations that rescue neurons from stroke damage
are mediated at least in part by enhanced expression of
neurotrophins, particularly BDNF. For example, brief daily
treadmill running for 3 weeks prior to stroke reduced
infarct volumes in the frontoparietal cortex and dorsolateral
striatum, and these effects were correlated with upregulation
of NGF and BDNF in cortical neurons and striatal glia.
In addition, there was a significant increase in microvessel
density in the striatum [29]. The neuroprotective effects of
fibroblast growth factor 2 (FGF-2) following MCAO may also
be mediated in part by BDNF; FGF-2 null mice exhibited
dramatically larger infarct volumes than wild-type littermates
and a diminished postischemic induction of hippocampal
BDNF and TrkB mRNA [30]. Cortical spreading depression
(SD), which is a wave of depolarization followed by neuronal
quiescence, can induce a preconditioning effect involving
BDNF expression. Induced SD for 6 or 9 days prior to
experimental focal ischemia reduced infarct volume and
resulted in less severe neurological deficits both at one
and 14 days after ischemia. This preconditioning effect was
not observed in heterozygous BDNF-deficient mice [31].
Preconditioning can also be achieved by sublethal doses of
N-methyl D-asparate (NMDA), which increased hippocampal CA1 neuron survival after ischemia, an effect blocked
by the TrkB antagonist K252a [32]. Lithium is another
widely studied neuroprotectant that requires BDNF/TrkB
signaling [33]. Lithium-mediated neuroprotection involves
GSK-3 inhibition, which in turn leads to enhanced BDNF
expression [34]. Atorvastatin (Lipitor) treatment starting
24 h after MCAO also improved functional recovery and
concomitantly increased BDNF expression (as well as VEGF
and VEGFR2) at the ischemic border. In addition, atorvastatin treatment increased the number of migrating neurons,
synaptophysin-positive cells, and angiogenesis around the
infarct. In vitro, atorvastatin enhanced the migration of
subventricular zone (SVZ) cells, an effect inhibited by a
BDNF antibody [35].
In addition to invasive methods like cell therapy, brain
concentrations of BDNF can be elevated by orally administered agents. The rennin-angiotensin system inhibitor
candesartan was found to reduce stroke volume, improve
neurological outcome, and promote TrkB expression [36].
Inhibitors of nitric oxide production may also be effective.
The endothelial cell isoform of nitric oxide synthase (eNOS)
protected against stroke through BDNF upregulation [37];
eNOS knockout mice exhibited more severe deficits than
wild-type mice following permanent right MCAO, as well
as reduced progenitor cell proliferation and migration from
the SVZ and decreased angiogenesis at the ischemic boarder.
These changes were associated with lower postischemic
BDNF (but no change in VEGF and bFGF expression). Moreover, neurosphere formation and proliferation and neurite
outgrowth were reduced in cultured SVZ cells derived from
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eNOS− /− mice, characteristics reversed by BDNF administration [37]. Treadmill exercise prior to experimental ischemia
improved motor performance and upregulated BDNF and
TrkB expression in the contralateral hemisphere [38]. Significantly, enhanced BDNF only occurred following voluntary
exercise, possibly because “forced” exercise enhances serum
corticosterone, which may reduce neurotrophin expression
[39]. Allosteric AMPAR modulators enhanced limb control
when administered several days after stroke, but impaired
recovery when administered immediately. Inhibition of
BDNF function in the cortex preinfarct blocked this motor
rescue [40].
Note, however, that other neuroprotective effects appear
independently of neurotrophin expression. Preconditioning
by sublethal MCAO 3 days prior to (normally) neurotoxic
MCAO protected rats but did not alter expression of most
neurotrophins, though BDNF expression was transiently
reduced [41]. Housing rats in an enriched environment after
experimental stroke was found to enhance recovery, but
this was associated with a decrease in BDNF mRNA and
protein expression, and enriched BDNF(+/−) mice showed
improved motor function on the rotorod two weeks after
transient MCAO compared to wild-type mice [42]. Enriched
environments thus appear to enhance functional recovery
after ischemic stroke independently of BDNF [43].
2.3. Novel Neurotrophin Delivery, Induction, and Targeting
Methods. Several novel delivery systems may allow for noninvasive neurotrophin administration [44]. A single systemic
administration of BDNF conjugated to the OX26 murine
monoclonal antibody against the transferrin receptor, which
facilitates transport across the BBB via the transferrin receptor transcytosis system, reduced infarct volume by 70%
(although it had no effect on subcortical stroke volume)
[45]. In another study, BDNF conjugated to a transferrin
receptor antibody reduced infarct volume by 65–70% and
improved rotorod performance [46]. High-voltage electric
potential (HELP) stimulation of adult mice also enhanced
BDNF levels, increased resistance to cerebral infarction,
and improved escape latency in the MWM [47]. BDNF
engineered to bind laminin, which is highly expressed in
the ischemic brain, reduced infarct volume and improved
neurological function as well as neurogenesis in the dentate
gyrus [48]. Intranasal BDNF 2 h after reperfusion reduced
the number of TUNEL-positive (apoptotic) neurons (but
not infarct volume). This BDNF application also enhanced
microglial activation (as indicated by OX-42 expression) and
the number of phagocytotic microglia (ED1-positive), suppressed tumor necrosis factor-𝛼 expression, and enhanced
expression of the anti-inflammatory cytokine interleukin-10
[49].
In addition to novel delivery/targeting systems for native
BDNF, there have been extensive efforts to develop small
mimetics with superior pharmacokinetic properties and
BBB permeability [9]. For example, 7,8-dihydroxyflavone,
a high-affinity TrkB agonist, was found to inhibit kainic
acid-induced toxicity, decrease infarct volume following
experimental stroke in a TrkB-dependent manner, and be
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neuroprotective in an animal model of Parkinson’s disease
[50].
2.4. Neuroprotection by Natural Neurotrophin Inducers. Several natural compounds have demonstrated neuroprotective efficacy mediated in part by BDNF upregulation. The
plant flavonoids baicalin and jasminoidin in combination
promoted BDNF expression and inhibited the apoptotic
effector caspase-3 [51]. Niacin also increased BDNF and
TrkB expression in neurons and reduced infarct volume
in vivo following experimental stroke [52]. Infusion of
galectin-1, an endogenous mammalian lectin, enhanced the
expression and secretion of astrocytic BDNF, reduced the
number of apoptotic neurons at the ischemic boundary,
and improved functional recovery after experimental stroke
[53]. p-Hydroxybenzyl alcohol (HBA), an active component
of gastrodia elata blume, administered 1 h before MCAO,
decreased infarct volume, promoted functional recovery as
measured by the modified neurological severity score, and
enhanced Nrf2, BDNF, GDNF, and MBP expression levels
[54].
2.5. Mechanisms of Neurotrophin-Mediated Neuroprotection.
Oxidative stress and intracellular-free calcium dysregulation
are mutually reinforcing early events that lead to neuronal
death following stroke [2]. Thus, much stroke research
has focused on developing strategies to reduce free radical
accumulation, augment cellular antioxidant defenses, chelate
intracellular calcium, or interfere with upstream events such
as excess glutamate receptor stimulation (excitotoxicity) in
the ischemic brain [3]. There is an emerging consensus
that inflammation is also critical in stroke pathogenesis [5],
indicating that anti-inflammatory drugs are feasible therapeutic options. It is thus noteworthy that neurotrophins like
BDNF can stabilize intracellular calcium, induce antioxidant
enzyme expression, and suppress the release of proinflammatory cytokines [4, 55]. One mechanism of BDNF-induced
protection relevant to both acute and chronic models of
neurological disease is preservation of mitochondrial function. BDNF (but not GDNF or NGF) substantially increased
the respiratory control index (RCI, a measure of respiratory
coupling efficiency and ATP synthesis) in synaptosomes [56]
but not in pure mitochondria nor in synaptosomes treated
with an inhibitor of complex I, suggesting that activity of
a TrkB-associated signaling pathway is necessary. Indeed,
the effect was also blocked by inhibitors of the MEK-Bcl2 pathway, the major pathway implicated in BDNF-TrkBdependent neuroprotection [56].
Another possible mechanism for these neuroprotective
effects is enhanced neurogenesis and migration of neural
precursor cells (NPCs) from the SVZ. Daily intravenous
bolus applications of BDNF after stroke resulted in significantly improved sensorimotor scores 6 weeks after stoke
as well as enhanced neurogenesis in the DG and SVZ
[57]. Continuous intraventricular BDNF infusion for two
weeks enhanced the number of proliferating (doublecortinpositive) SVZ cells surrounding the lesion 14 and 42 days
after stoke [58]. Mobilization of this endogenous cell pool
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reduces stroke damage. Blockade of NPC proliferation by
infusion of cytosine arabinoside (Ara-C) for the first 7
days after brain ischemia enlarged the infarct volume and
exacerbated postischemic neurological deficits. Moreover,
if BDNF and VEGF were inactivated, NSCs cultured in
the ischemic brain conditioned media lost neuroprotective
efficacy [59]. Transplantation of human bone marrow stem
cells (BMSCs) in rats after MCAO resulted in elevated BDNF,
NT-3, and VEGF, enhanced endogenous NPC proliferation in
both the SVZ and hippocampal subgranular zone (SGZ), and
promoted NPC migration to the ischemic boundary [60].
2.6. Endogenous Signaling Pathways for Neurotrophin Induction. BDNF is widely expressed throughout the CNS and
by most cell types, including neurons, astrocytes, microglia,
and vascular endothelial cells. The classical induction mechanism involves calcium influx and phosphoactivation of the
transcription factor CREB. CREB can be activated by factors
released by the ischemic brain, thereby coupling BDNF synthesis and release to metabolic status. The phosphodiesterase
inhibitor cilostazol increased the number of doublecortinpositive NPCs expressing phosphoactivated CREB (pCREB)
and BDNF-expressing astrocytes in the ipsilateral SVZ and
peri-infarct area [61]. Bone-marrow-derived stem cells cultured in ischemic brain-conditioned medium for 12 h—
but not BMCs cultured in media from normoxic brain—
were transformed from polygonal to fibroblast-like. This
morphological change was associated with induction of 7
neurotrophic and growth factor genes and 5 receptor genes—
that is, FGF-2, ILG-1, VEGF A, NGFb, and BDNF—and
epidermal growth factor [62].
Therefore, many factors released from the ischemic brain
may be compensatory protective signals that could potentially be exploited for neuroprotection. Epithelial cells release
neurotrophic factors, including BDNF, in response to these
factors. Conditioned media from cerebral endothelial cells
protected neurons against oxygen-glucose deprivation in
vitro, and this effect was blocked when condition medium
was treated with free TrkB-Fc [63]. Human MSCs cultured in ischemic rat brain extract also exhibited increased
production of BDNF, VEGF, and hepatocyte growth factor
[64]. Stimulated microglial cells are also a source of BDNF;
downregulation of the microglial response to ischemia
by inhibiting the poly(ADP-ribose) polymerase-1 (PARP-1)
pathway reduced BDNF production as well as markers of
synaptogenesis [65]. Moreover, transplantation of a human
microglial cell line—HMO6—48 hours after MCAO was
found to reduce infarct volume and the number of apoptotic
cells in the penumbra, while also reducing the number of host
microglia/macrophages and reactive astrocytes. Transplanted
HMO6 microglia also exhibited elevated GDNF, BDNF,
VEGF, BMP7, and anti-inflammatory cytokines [66].
2.7. Summary. Enhanced neurotrophin expression in the
CNS is broadly neuroprotective against acute neurological
insults, including ischemia and hemorrhage. Moreover, there
are a plethora of ways to increase brain neurotrophin activity,
including direct infusion, transplantation of cells that express
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neurotrophins when exposed to the CNS environment or that
are engineered to overexpress neurotrophins constitutively,
small molecule mimetics, and neurotrophin inducers. The
latter category of molecules presents particularly promising
targets for future research, both to enhance basal ischemic
tolerance and to aid in recovery following transient ischemia.
Extracellular signals released by the ischemic brain also
enhance neurotrophin expression. These as yet unidentified
signaling pathways may also be exploited for neuroprotection. It should be noted, however, that neuroplastic changes
associated with acute and chronic diseases may reduce the
efficacy of these treatments (see Section 3.2).

3. Neurotrophins for Treatment of
Chronic Neurodegenerative Diseases
There is strong evidence that many of the pathogenic mechanisms implicated in acute neurodegenerative diseases, such as
oxidative stress and inflammation, are equally involved in the
slower neuronal loss characteristic of chronic neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), various tauopathies, and Huntington’s disease
(HD). Therefore, the therapeutic promise of neurotrophins
for the treatment of chronic neurodegenerative diseases is
based in part on studies demonstrating suppression of these
basic pathogenic mechanisms. Indeed, exogenous application of neurotrophins protects against neurodegeneration in
animal models of AD, PD, and HD. A multitude of studies
have also demonstrated that expression of neurotrophins
and/or Trk receptors is reduced in the afflicted brain regions
of patients and animal models. In fact, this reduction
may be observed prior to symptom expression, suggesting
that insufficient trophic activity may initiate or accelerate
disease progression. Moreover, neurotrophins often restore
or improve function in animal models in the absence of
observable neuroprotection, indicating that these agents or
mimetics may be therapeutically useful even in patients with
advanced disease.
3.1. Therapeutic Efficacy of NTs, Mimetics, and Inducers
in Animal Models of Chronic Neurodegenerative Disease.
Animal models of chronic neurodegenerative diseases have
demonstrated the therapeutic efficacy of neurotrophins, particularly BDNF. Alzheimer’s disease, the most common form
of age-related dementia, is characterized by accumulation
of extracellular amyloid plaques of beta-amyloids (A𝛽) and
intracellular neurofibrillary tangles containing hyperphosphorylated variants of the cytoskeleton-associated protein
tau. BDNF was found to protect cultured neurons against the
cytotoxic A𝛽 fragments A𝛽(1–42) and A𝛽(25–35), and this
protection was inhibited by the TrkB inhibitor K252a [67].
One of the most comprehensive studies on the protective
efficacy of BDNF in animal models of AD found that
injection of a lentivirus vector encoding BDNF into the
entorhinal cortex (EC) improved spatial and fear memory in
J20 transgenic mice expressing the mutant human amyloid
precursor protein (APP), rescued EC neurons in monkeys
subjected to perforant path lesions, and improved learning in

5
delayed matching object-and-location task in aged monkeys.
In this same study, direct infusion of BDNF into the EC also
improved spatial memory in aged rats [68]. Infection with
a viral vector encoding BDNF was found to enhance BDNF
expression and improve memory deficits in the Tg2576 transgenic mouse model of AD. Significantly, the vector used—
Sendai virus (SeV)—is highly infective but does not integrate
into the host genome and is nonpathogenic in humans.
Thus, SeV vectors hold great potential for the safe delivery
of neuroprotective peptides to the brain [69]. In addition
to neuroprotection, BDNF may slow disease progression by
inhibiting amyloid production. BDNF was found to induce
the expression of sorting protein-related receptor with Atype repeats (SORLA), a protein that reduces APP processing
and plaque formation, and no longer reduce A𝛽 in SORLAdeficient mice [70].
In aged 3xTg-AD mice, a model exhibiting amyloid
plaques, neurofibrillary tangles, and age-associated cognitive
decline, the injection of NSCs into the bilateral hippocampus
improved spatial memory in the MWM but did not reduce
amyloid or tau pathology. Preservation of cognitive function
effect was absent when BDNF expression was knocked down
using a targeted shRNA [71]. The fact that BDNF can improve
cognitive function without reducing neuropathology suggests that this strategy may be useful in advanced AD patients.
Cognitive dysfunction in AD arises in part from the
loss of septal cholinergic neurons that are project to the
hippocampus. Toxic A𝛽(1–42) induced the death of septal
neurons in vitro, and this effect was reduced by BDNF
(as well as by IGF-1 and GDNF) and by coculture of
septal neurons with NSCs overexpressing neurotrophins [72].
The cholinergic neurotoxin (192) IgG-saporin reduced both
MWM performance in rats and BDNF expression, while the
reversal of these effects by the clinical cholinesterase inhibitor
galantamine was associated with enhanced hippocampal
BDNF levels [73].
Transgenic mice overexpressing APP and infected with
a lentiviral BDNF vector at 2 months of age showed significantly reduced neurodegeneration in the EC and improved
fear memory at 7 months of age [74], indicating that these
therapeutic effects are relatively long-lasting. BDNF may also
preserve neuronal viability and function in AD and other
tauopathies by reducing tau phosphorylation. Indeed, BDNF
reduced phosphorylation at multiple sites, an effect blocked
by inhibition of TrkB, PI-3 kinase, and GSK 3𝛽 [75]. The
TrkB agonist 7,8-dihydroxyflavone rescued deficient spatial
working memory in 5XFAD mice and reduced expression
levels of 𝛽-secretase (BACE1), A𝛽(1–40), and A𝛽(1–42) [76].
In accord with the aforementioned results on neuroprotective strategies against stroke-induced neuronal damage,
many potentially effective treatments for AD may be mediated by enhanced BDNF signaling. A curcumin derivative,
J147, increased BDNF expression and reduced A𝛽(1–42) and
A𝛽(1–40) in aged AD mice (APP/swePS1ΔE9). Furthermore,
these changes were associated with enhanced long-term
potentiation, a putative neurocellular mechanism for associative learning, and a reduction in oxidative stress [77]. In
another study, J147 improved both spatial and fear memory
in aged AD mice and upregulated NGF, BDNF, and several
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synaptic proteins induced by BDNF, including homer-1, a
protein critical for the trafficking of glutamate receptors.
Moreover, J147 was shown to be nontoxic at millimolar
serum concentrations while demonstrating neuroprotection
in nanomolar doses in vitro [78]. Elevated A𝛽 reduced the
colocalization of the synaptic marker synaptophysin with
AMPA receptor subunits GluR1 and GluR4. As trafficking
of AMPA receptors underlies forms of synaptic plasticity
linked to learning, this disruption may explain the learning
deficits associated with AD. Furthermore, exogenous BDNF
was found to restore synaptic AMPA receptor trafficking
[79].
Sildenafil (Viagra) also rescued cognitive function in
the AD model mice, but without reducing the amyloid
burden [80]. The neuroprotective effects of NPY in vitro
against toxic A𝛽 fragments were also found to be associated
with neurotrophin upregulation [81]. The antidepressant
amitriptyline enhanced BDNF and TrkB expression in the
hippocampus, promoted neurogenesis, and improved spatial
and object recognition memory in aged 3xTg mice [82]. The
multiple sclerosis drug fingolimod phosphate (a sphingosine1-phosphate receptor agonist) enhanced BDNF expression
and protected mouse cortical neurons against A𝛽 toxicity,
an effect blocked by inhibition of BDNF-TrkB-ERK signaling
[83]. Neuropep-1 is a new BDNF inducer that rescued spatial
memory deficits in 3xTg-AD mice. In addition, Neuropep-1
also reduced the A𝛽 burden, possibly by enhancing expression of the insulin/A𝛽-degrading enzyme [84]. Sodium
phenylbutyrate (NaPB) induced BDNF and NT-3 expression
in astrocytes by activating the PKC-CREB signaling pathway
and improved spatial learning and memory in a mouse model
of AD [85].
Significant neuroprotective effects of neurotrophins,
particularly BDNF, have also been demonstrated in animal
models of PD. Intrathecal infusion of BDNF suppressed
Parkinsonian signs in monkeys one week after treatment
with the mitochondrial toxin 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP), which selectively destroys
dopaminergic neurons and is widely used to model PD
pathology. Moreover, BDNF infusion reduced neuronal loss
in the SN and the extent of rescue was correlated with the
preservation of function [86]. Transplantation of astrocytes
expressing tyrosine hydroxylase (TH) and/or BDNF blocked
6-OHDA-induced degeneration and the effect of TH plus
BDNF was more effective than either alone [87]. Injection
of a BDNF viral vector did not increase TH-positive SN
neurons six months after unilateral 6-hydroxydopamine
(6-OHDA) injection but did block amphetamine-induced
ipsilateral rotation [88], a PD-like behavior. Transplantation
of rat fibroblasts secreting human BDNF near the SN prior
to striatal MPP+ administration enhanced neuronal survival
compared to transplantation of wild-type fibroblasts [89].
Other PD treatment strategies are associated with
BDNF induction. Repetitive transcranial magnetic stimulation (rTMS) rescued DA neurons, improved locomotor function, and induced expression of BDNF, GDNF, PDNF, and
VEGF in the 6-OHDA model of PD [90]. Similar to results
in stroke models, prior exercise reduced Parkinsonian behavior (apomorphine-induced rotations), rescued dopaminergic
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neurons, and reversed the early reduction in BDNF expression observed following PD model induction. Neuronal rescue was reduced by inhibition of BDNF signaling [91]. Prior
exercise (4 weeks) also reduced the loss of dopaminergic neurons and improved motor function following intraperitoneal
injection of the activator of inflammation lipopolysaccharide
(LPS), an effect blocked by a TrkB antagonist and mimicked
by intracerebral perfusion of BDNF [92]. Successful motor
rehabilitation also increased serum BDNF in PD patients
[93]. The therapeutic efficacy of deep brain stimulation (DBS)
targeting the subthalamic nucleus (STN-DBS), a widely used
PD treatment, may also depend on BDNF induction; STNDBS increased BDNF but not GDNF expression in the SN,
striatum, motor cortex (M1), and hippocampus—an effect
that was blocked by an NMDA receptor antagonist [94]. A
diet high in omega-3 polyunsaturated fatty acids (n-3 PUFAs)
also protected against MPTP-induced death of dopaminergic
neurons and induced striatal expression of BDNF [95].
Pretreatment with the ampakine and BDNF inducer CX614
significantly reduced MPP(+)-induced toxicity in brain slices,
an effect blocked by an inhibitor of TrkB [96]. Another novel
neurotrophin inducer, PYM50028, also reduced the loss of
SN dopaminergic neurons in mice when administered after
MPTP [97].
3.2. Is Dysregulation of Neurotrophin Involved in the Pathogenesis of Chronic Neurodegenerative Disease? Deficient neurotrophin signaling has also been implicated in neurodegenerative disease progression. A𝛽 reduction in neurotrophin
expression in vulnerable brain regions has been widely
reported, while genetic association studies have identified
specific neurotrophin gene alleles as risk factors [98]. As
discussed below, however, many of these studies also indicate
that pathogenic processes may interfere with neurotrophin
signaling and thereby reduce the effects of exogenous neurotrophin administration.
Expression levels of neurotrophins and Trk receptors
are altered in neurodegenerative diseases, but the functional
implications are currently unclear. The large-scale Framingham Study found a specific association between lowserum BDNF and dementia/AD risk in elderly women [99].
Reduced BDNF levels were also observed in the cortex of
female APdE8 AD model mice [100]. A comparison of several
transgenic AD model mice revealed that cortical BDNF
mRNA expression was reduced in two models—namely,
APP(NLh) and TgCRND8—compared to wild types, and
all models studies exhibited an inverse correlation between
toxic A𝛽 levels and BDNF expression [101]. In aged model
mice, however, BDNF immunoreactivity was elevated around
amyloid plaques [100]. It was suggested that this elevation
could act to sequester BDNF and reduce BDNF-TrkB signaling. Alternatively, it may represent a reactive response
to damage. In situ hybridization also showed a several-fold
increase in BDNF mRNA around amyloid plaques due to
elevated microglial and astrocytic expression [102].
Despite uncertainties concerning brain neurotrophin
levels during the different phases of neurodegenerative
disorders, there is substantial evidence that neurotrophin
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signaling is disrupted in AD and PD. For instance, A𝛽
can also alter the expression of TrkB isoforms [103]. In
cultured neurons, sublethal doses of A𝛽 inhibited BDNFMAPK/ERK and BDNF-PI3-K signaling by interfering with
insulin receptor substrate-1 and Shc, two docking proteins
that link TrkB to the activation of downstream kinase cascades [104]. In addition, A𝛽 treatment increased truncated
TrkB.T1 and decreased full-length TrkB.TK expression in
cultured neurons; furthermore, overexpression of TrkB.T1
in APdE9 mice enhanced cognitive deficits [105]. The ADlinked gene presenilin 1 can also regulate surface expression
of TrkB [106]. Amyloid-𝛽 accumulation also interfered with
CREB activation, while viral delivery of CREB-binding protein (CBP) restored CREB function and improved memory
deficits in an AD model. These changes were associated with
elevated BDNF but no reduction in A𝛽 or tau pathology [107].
Finally, the Tg2576 mouse exhibited reduced retrograde
axonal transport of BDNF that was mitigated by inhibition of
𝛾-secretase, implicating A𝛽 accumulation in reduced BDNFnuclear signaling. Moreover, the administration of A𝛽 alone
reduced retrograde transport [108]. This deficit may stem
from deficient expression of ubiquitin C-terminal hydrolase
L1 (UCH-L1), a deubiquitinating enzyme reduced in AD, as a
UCH-IL inhibitor also reduced retrograde transport of BDNF
[109]. Inhibition of BDNF signaling independent of BDNF
expression levels may be a major impediment to the clinical
application of techniques that only augment endogenous
BDNF or TrkB.
This disruption of neurotrophin signaling could further
exacerbate neuronal injury. AD patients expressing the Met
allele of BDNF showed enhanced atrophy in several brain
regions, including anterior cingulate cortex, posterior cingulate cortex, and precuneus, compared to Val/Val carriers [110].
Several SNPs in the BDNF gene were associated with more
rapid brain atrophy over two years [111]. Carriers of both the
BDNF Met allele and the AD risk factor APOE 𝜀4 exhibited enhanced degeneration in the precuneus, orbitofrontal
cortex, gyrus rectus, and lateral prefrontal cortex, as well as
episodic memory deficits that were correlated with amyloid
burden [112]. Moreover, a meta-analysis of studies on the
BDNF 196A/G polymorphism and AD risk reported a significant association in females [113]. Carriers of the Met allele
also showed faster cognitive decline and greater brain atrophy
over 36 months compared to Val/Val carriers; however, this
only occurred in elderly adults with high basal A𝛽 at the
start of the study, suggesting that neurotrophin dysregulation
accelerates rather than initiates neurodegeneration in AD
[114].
Deficient BDNF signaling is also implicated in PD and
HD progression. In the substantia nigra of PD patients,
BDNF expression is reduced, even in surviving neurons
[115, 116]. BDNF is also reduced in Huntington’s disease, and
BDNF expression is necessary for the survival of mediumsized spiny striatal neurons lost during HD progression [117].
Continuous infusion of a BDNF antisense oligonucleotide
into the SN of rats induced Parkinsonian behaviors, including
apomorphine-evoked rotation, and resulted in the loss of THpositive neurons and dopamine uptake [118]. Mice lacking
BDNF expression in the mid- and hindbrain demonstrated
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motor impairments and reduced numbers of TH-positive
neurons, while no reduction was observed in the calbindinand calretinin-positive neurons spared in PD [119]. Exercise
mitigated Parkinsonian signs, improved mitochondrial function, and elevated BDNF/GDNF expression in a mouse PD
model [120]. Reduced TrkB expression reduced the number
of SN neurons in elderly mice (21–23 months old) and
resulted in accumulation of alpha-synuclein in surviving
neurons [121]. Aged TrkB hypomorphic mice were hypersensitive to MPTP and showed enhanced age-related loss
of dopaminergic neurons in the SN [122]. Finally, nigral
dopaminergic neurons expressing TrkB were more resistant
to MPTP than neurons expressing mainly TrkC [123].

4. Conclusions and Future Directions
These studies indicate that neurotrophins can protect neurons against a variety of pathological insults, including
ischemia and neurotoxins such as A𝛽. Moreover, a variety
of innovative methods have been developed to noninvasively
enhance neurotrophin expression in the brain. Despite these
advances, neither neurotrophin delivery nor induction is
used in the clinic as a routine treatment. All of these disorders
are associated with multiple pathogenic processes, so it is
possible that effective treatment will require multiple complementary strategies. Furthermore, these disorders appear
to disrupt neurotrophin signaling, so future work should
concentrate on the targeted delivery of neurotrophins to
vulnerable tissues and methods of preserving neurotrophin
function in the diseased brain.
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W.-R. Schäbitz, C. Berger, R. Kollmar et al., “Effect of brainderived neurotrophic factor treatment and forced arm use on
functional motor recovery after small cortical ischemia,” Stroke,
vol. 35, no. 4, pp. 992–997, 2004.
M. Endres, G. Fan, L. Hirt et al., “Ischemic brain damage in mice
after selectively modifying BDNF or NT4 gene expression,”
Journal of Cerebral Blood Flow and Metabolism, vol. 20, no. 1,
pp. 139–144, 2000.
T. Saarelainen, J. A. Lukkarinen, S. Koponen et al., “Transgenic
mice overexpressing truncated trkB neurotrophin receptors in
neurons show increased susceptibility to cortical injury after
focal cerebral ischemia,” Molecular and Cellular Neurosciences,
vol. 16, no. 2, pp. 87–96, 2000.
M. Ploughman, V. Windle, C. L. MacLellan, N. White, J. J. Doré,
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Keratinocyte growth factor 1 (KGF1) is a growth factor that promotes epidermal cell proliferation, migration, differentiation,
and wound repair. It is expressed at low levels in a form of inclusion body in E. coli. In order to increase its expression and
activity, we produced tobacco plants expressing KGF1 via Agrobacterium-mediated transformation using a potato virus X (PVX)based vector (pgR107). The vector contained the sequence encoding the KGF1 gene fused with a green florescence protein. The
recombinant plasmid was introduced into leaf cells of Nicotiana benthamiana (a wild Australian tobacco) via Agrobacteriummediated agroinfiltration. As determined by fluorescence and Western blot of leaf extracts, the KGF1 gene was correctly translated
into the tobacco plants. The recombinant KGF1 was purified from plant tissues by heparin affinity chromatography, and cell
proliferation in NIH/3T3 cells was stimulated by the purified KGF1. The purified KGF1 was also applied to the wounds of typeII diabetic rats. KGF1 had accumulated to levels as high as 530 𝜇g/g fresh weight in the leaves of agroinfected plants. We show that
plant-derived KGF1 can promote the proliferation of NIH/3T3 cells and have significant effects on the type-II diabetic rat. The
present findings indicated that KGF1 from tobacco maintains its biological activity, implying prospective industrial production in
a plant bioreactor.

1. Introduction
Keratinocyte growth factor (KGF1) is a member of the
fibroblast growth factor family (also denoted as FGF7). KGF1
is produced by cells of mesenchymal origin and secreted via
a paracrine secretion mechanism. It binds to epithelial cellspecific receptors and plays important roles in wound repair,
embryonic development, tumor generation, and immunologic reconstitution [1–7]. KGF1 promotes cell proliferation
and is expressed at high levels during wound repair. KGF1
can also promote epidermal cell proliferation, migration, and
differentiation and can increase proliferation and differentiation of skin hair follicles and sebaceous gland precursor
cells [6, 8–10]. Previously, we expressed KGF1 in E. coli and
found that KGF1 expression levels were low and mainly
confined to a form of inclusion body, which causes difficulties

in KGF1 purification and limits the usefulness of KGF1 in
basic and applied pharmacology and pathology researches. In
this study, we employed a tobacco viral expression system to
improve the expression efficiency and activity of KGF1.
Plants have been studied extensively for the production
of pharmaceutical proteins, as they represent an inexpensive
and scalable alternative to common expression systems.
Plants offer advantages over microbial or mammalian host
systems: the bioprocessing is more effective, they have all of
the cellular machinery needed to complete posttranslational
modifications of proteins, and they are intrinsically safe. The
use of the Potato virus X (PVX) vector in such systems is
also safe, as there is no evidence that PVX is transmitted by
naturally occurring vectors, for example, insects, nematodes,
and fungi. Moreover, the virus is not transmitted through
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seeds or pollen, so risk of its accidental release into the environment is extremely small. Therefore, environmentally safe
conditions are attainable with only a moderate investment in
infrastructure. The combination of a plant production system
and a PVX-based vector is a promising platform for the
production of recombinant proteins [11–15].
Distinct from stable transgenic plants, plant RNA viruses
provide a temporary, transient expression system. These
viruses are engineered to carry and replicate foreign genes
in susceptible host plants. The sequences delivered by viruses
into the infected plant cell remain part of the virus genomic
RNA and do not integrate into the plant genome. Moreover,
the foreign transcripts are amplified by the viral replicase in
the cell cytoplasm and are not inherited. Plant viruses are
plausible transient expression vectors since the introduced
genes are expressed at high levels and the purification of the
products from the plants is simple and inexpensive.

2. Methods
2.1. Vector Construction. Plasmids pgR107 and pgR107smGFP and KGF1 DNA were generously provided by Dr.
Xingzhi Wang (Institute of Genetics and Cytology, Northeast
Normal University, Changchun, China). The parental plasmid pUCKGF1 contains a ClaI/SmaI/SalI multiple cloning
site surrounded by two subgenomic viral coat protein (CP)
promoters. The pgR107 plasmid contains a 35S promoter,
which drives synthesis of infectious PVX transcripts in plants
[16]. The KGF1 gene (Gene ID: 14178) was inserted into the
cloning site of the PVX within pgR107, and its expression
was controlled by one of the CP promoters. The KGF1GFP sequence flanked by ClaI and SalI digestion sites was
amplified by PCR and cloned into the pgR107 vector, resulting
in pgR107-KGF1-GFP.
2.2. Plant Material and Inoculation Conditions. The transfection of pgR107-KGF1-GFP and pgR107-smGFP plasmids
was conducted by a freeze-thaw method using A. tumefaciens
GV3101 with N. benthamiana plants (4-5 weeks of age)
at approximately the ten-leaf stage [17]. The recombinant
agrobacteria were separately cultured in 50 mL LB (LuriaBertani) medium (supplemented with kanamycin (50 mg/L),
rifampicin (50 mg/L), tetracycline (12.5 mg/L), 10 mM MES,
and 20 𝜇M acetosyringone) overnight at 28∘ C. The cells
were collected by centrifugation at 1,500 g for 10 min and
resuspended and incubated in liquid minimal medium agar
without shaking (10 mM MgCl2 , 10 mM MES, and 100 𝜇M
acetosyringone) for 2-3 h at room temperature before infiltration. After agrobacterial infiltration onto the underside
of the tobacco leaves, the leaves were placed in a dark
humid atmosphere for 24 h to recover from the treatment.
The recombinant protein expression was confirmed by green
fluorescence illumination with an ultraviolet light as well
as by TCS SP5 confocal laser-scanning microscope (Leica
Microsystems CMS GmbH, Germany).
2.3. Protein Extraction and Purification. Seven days after
infection, the N. benthamiana leaves were harvested and
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frozen in liquid nitrogen. The leaves were then ground into
an extraction buffer (50 mM PBS, 1 mM PMSF, and pH 9.5),
at a ratio of 3 mL per gram leaf material. Extracts were
collected by centrifugation at 13,520 g for 20 min at 4∘ C.
KGF1-GFP fusion protein was purified by heparin affinity
chromatography and identified by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The fusion
protein was further cleaved with bovine enterokinase (rbEK)
to remove the end of the C-terminal peptide for obtaining
active KGF-1 protein; KGF-1 was separated from smGFP by
heparin affinity chromatography.
2.4. SDS-PAGE and Western Blot. For Western blot analysis,
cellular lysates were transferred onto Immobilon polyvinylidene difluoride (PVDF) membranes (Perkin Elmer, Boston,
MA, USA) and immunoblotted with a monoclonal mouse
anti-KGF1 antibody (Abcam Inc., USA) (diluted to 1 : 1,500 in
5% DM/PBST) according to the manufacturer’s instructions.
Immunoreactive bands were visualized with Western blotting
luminal reagents (Western Blotting Luminol Reagent sc-2048
Trial Kit, Santa Cruz Biotechnology Inc., CA, USA).
2.5. ELISA Assay of KGF1-GFP in N. benthamiana Plants. The
powder of ground leaves (0.5 g fresh weight) was homogenized with 1.5 mL of 50 mM PBS (pH 9.5) and centrifuged
for 20 min at 13,520 g to obtain total protein extracts from
transfected and control plants. The concentration of total
soluble protein was estimated by the Bradford assay method.
For enzyme-linked immunosorbent assay (ELISA), serial
dilutions of total protein extracts from 1 : 50 to 1 : 1,000 in
phosphate-buffered saline (PBS) were incubated in 96-well
polyvinyl chloride microtiter plates for 2 h at 37∘ C. The plates
were then incubated with 1% fat-free dry milk (DM) for
1 h at 37∘ C. After the plates were washed three times with
PBS containing 0.05% Tween 20 (PBST), the mouse antiKGF1 antibodies (diluted to 1 : 2,000 in 1% DM/PBST) were
added (50 𝜇L per well) to the testing wells and the plates
were incubated for 2 h at 37∘ C. Next, a rabbit anti-mouse
IgG-horseradish peroxidase conjugate (Sigma; 1 : 2,000 in 1%
DM/PBST) was added to the testing wells and the plate was
incubated for 1 h at 37∘ C. The plate was then developed with
Slow TMB substrate (Pierce) for 15 min at 23∘ C, and the reaction was subsequently terminated by adding an equal volume
of 0.5 M H2 SO4 . To construct the standard curve, bacteriaderived KGF1 was diluted with PBS to concentrations ranging
from 0 to 10 𝜇g/mL and processed as above. All of the ELISA
assays results are means of triplicated experiments.
2.6. NIH/3T3 Cell Proliferation Assay. For cell counting
and the construction of growth curves, NIH/3T3 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum. At 80% confluence, cells were collected and split. Cells (105 /mL) were
seeded in 96-well plates (50 𝜇L/well) and incubated at 37∘ C,
in a 5% CO2 atmosphere for 24 h. The media were replaced
with keratinocyte serum-free medium (K-SFM, Sigma). Cells
were divided into 4 groups with 6 replicates in each group.
The control group received only K-SFM (free of KGF1),
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Figure 1: (a) Schematic map of plasmid pgR107-smGFP. (b) Schematic map of plasmid pgR107-KGF1-GFP. LB and RB, left and right border
sequences, respectively, of T-DNA of A. tumefaciens; NOS, transcriptional terminator of nopaline synthase gene of A. tumefaciens; RdRp,
viral RNA-dependent RNA polymerase; K, kDa; 25 K, 12 K, and 8 K, viral movement proteins; CP, viral coat protein; 35S, cauliflower mosaic
virus 35S promoter.

and the positive control group received medium containing
100 ng/mL commercial standard KGF-1. The experimental
groups received media containing 100 ng/mL purified plant
KGF1. Cells were incubated at 37∘ C in a 5% CO2 atmosphere
for 24, 36, 48, 60, and 72 h, respectively. After the treatments,
cells were collected by mild trypsinization and counted for
cell numbers to construct a growth curve. Cell morphology
was monitored at 72 h.
2.7. Animal Model for Wound Healing. We took care of
all animals according to the Guiding Principles in the
Care and Use of Animals. Female Sprague-Dawley rats (∼
200 g) were subjected for induction of type-II diabetes by
a single intraperitoneal injection of streptozotocin (STZ,
Sigma; 30 mg/kg in citrate buffer). Diabetic rats were injected
intraperitoneally with 8% chloral hydrate as an anaesthetic
and then were fixed on a simple platform to facilitate cutting
of hair and disinfection of the back skin with iodophor. Each
rat was given two wounds (2 cm in diameter) by application
of weights, heated to 95∘ C in a hot water bath, to its back
bilateral to the spinal axis. Plant KGF-1 (500 ng/mL in saline)
was applied to the right wound, and an identical amount
of saline was applied on the left as in the control group.
Application of 500 ng/mL of standard KGF1 served as the
positive control. The administration method consisted of
applying either 200 𝜇L KGF-1 solution or saline once every
other day for two weeks. Photographic records were obtained
throughout the experiments, for a total period of 28 d.
2.8. Pathology Evaluation. Rat skin tissue samples were collected from three groups: plant KGF1, positive control, and
control. Samples were embedded in paraffin, sliced, subjected
to Masson’s staining, and examined with light microscopy.
2.9. Statistical Analysis. The data were expressed as the
mean ± SEM. Statistical significance was determined by
Student’s 𝑡-test when there were two experimental groups.
For more than two groups, statistical evaluation of the data
was performed using one-way analysis of variance (ANOVA),

followed by Dunnett’s post hoc test, with 𝑃 < 0.05 considered
significant.

3. Results
3.1. Plasmid Construction. We constructed binary virus vectors pgR107-KGF1-GFP. The DNA coding sequences for
KGF1-GFP were controlled by a strong subgenomic promoter
of the PVX coat protein. Therefore, the genes could be
expressed rapidly in N. benthamiana concurrently with viral
replication. To increase the expression of KGF1, we inserted
the Kozak sequence at the 5 end of KGF1 and changed some
of the native KGF1 sequence codons to plant preferred codons
without altering the amino acid composition of the protein.
Furthermore, the DDDDK enterokinase cleavage site was
inserted into the KGF1-GFP gene (Figure 1(b)), which allowed
complete removal of the smGFP portion from KGF1-GFP via
a cleavage reaction.
3.2. Agroinfection of N. benthamiana Plants. The N. benthamiana plants agroinfected with A. tumefaciens containing pgR107-smGFP (Figure 1(a)) and pgR107-KGF1-GFP
(Figure 1(b)) developed the characteristic mosaic symptoms
of PVX infection. Expression of the recombinant protein
was visualized by fluorescence in plants agroinfected with
GV3101/pgR107-KGF1-GFP. Under ultraviolet illumination,
green fluorescent spots were clearly visible on agroinfected
leaves of N. benthamiana at 3-4 days postagroinfection
(dpi). Diffuse green fluorescence of smGFP and KGF1-GFP
was visible in stems and leaves above the infected leaf
on the day after agroinfection. The highest accumulation
of smGFP (Figure 2(d)) or KGF1-GFP (Figure 2(c)) was in
leaves and stems at approximately 7 dpi, after which the
amounts of smGFP and KGF1-GFP tended to decrease. Confocal microscopy analysis revealed that the KGF1-GFP and
smGFP proteins were localized in the cytoplasm (Figure 3).
These results demonstrate that agroinfection is an efficient
method of initiating PVX infection and that the PVX-based
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Figure 2: Green fluorescent images produced by UV illumination. (a) Control plants (noninfected) under visible light. (b) Noninfected plant
under UV illumination. (c) Expressed KGF1-GFP visualized at 7 dpi under UV illumination. (d) Expressed smGFP visualized at 7 dpi under
UV illumination.

binary vector is an efficient transient expression vector for
production of KGF1-GFP in N. benthamiana.
3.3. SDS PAGE and Western Blot. The analysis of KGF1-GFP
(49 kDa) expression by SDS-PAGE showed that KGF1-GFP
(Figure 4) was expressed at high levels. The KGF1 protein
was cleaved from the KGF1-GFP fusion protein by bovine
enterokinase. KGF1-GFP and KGF1 (Figure 4) were purified
from the cellular lysates of N. benthamiana leaves. Western
blots of proteins purified from N. benthamiana leaves further
confirmed the expression of KGF1-GFP fusion protein and
KGF1. The results showed that KGF1-GFP was expressed
(Figure 5).
To reliably quantify the level of expression, leaf extracts
were analyzed by direct ELISA. The ELISA results showed
that KGF1-GFP was expressed at high levels in the cytosol,
accumulating to approximately 530 𝜇g per gram fresh leaf
weight. The stability of the KGF1-GFP fusion protein may
well protect its KGF1 portion from degradation by hydrolase.
Native KGF1 can be obtained after cleavage of the GFP. In
other systems using plant virus-mediated transient expression, the reported yields of recombinant pharmaceutical
protein purified from tobacco leaves ranged from 0.00003 to
2 mg/g leaf fresh weight.

3.4. NIH/3T3 Cell Proliferation Assay Treated by KGF1. We
used K-SFM as the control and KGF1 standard protein as
the positive control. Cell count results show that the KGF1 standard and plant-derived KGF1 promote significantly
more NIH/3T3 cell proliferation than that observed in the
control group, especially in the time period from 36 h to
72 h after treatment (Figure 6). The proliferation effect of
KGF-1 standard and plant-derived KGF1 seems to be of no
difference. After 72 h, both two kinds of KGF-1 stimulated
cell proliferate for 3-fold more than the cell number in 24 h.
These results confirm that the plant-derived KGF1 protein can
promote cell proliferation. When compared with the standard
KGF1 protein from bacteria, there is no significant difference.
3.5. Wound Healing Evaluation Assay. In order to evaluate the
wound healing activity of plant-derived KGF1, we performed
a healing evaluation assay in SD rats. Results are shown
in Figure 7. We used 0.9% normal saline solution as the
control. It was seen that the wounds treated by KGF-1 and
KGF-1 standard recovered much more quickly with better
skin appearance (Figure 7). After the 28th day, the wounds
treated with plant KGF-1 showed wound closured mostly,
while the wounds in the control had obvious wound surface.
The healing time of the control group was 35.80 ± 0.37 days,
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Figure 3: Confocal microscopy images. (a) Noninfected control tobacco cells. (b) KGF1-GFP fusion gene expression in tobacco cells. (c)
smGFP expression in tobacco cells. Bar = 20 𝜇m.

while that of the plant-derived KGF1 group was 28.19 ± 0.62
days and that of the KGF1 standard protein group was 28.84 ±
0.77 days. These results show that the wound healing time
of the plant-derived KGF1 group was significantly shorter
than that of the control group, while there was no significant
difference between the plant-derived KGF1 group and the
KGF1 standard control group.
3.6. Masson’s Staining. Masson’s staining stained the collagen
fibers of the tissue green. After 3 days, we observed that
the rat skin epithelia were deeply stained in all groups.

Figure 8 shows increased signs of necrosis, thickening layers,
formation of blood crust on the surface, and dermal fiber
degeneration. Particularly, KGF1 groups (the KGF1 standard
group and recombinant KGF1 group) showed more serious
dermis denaturing accompanied by vacuolar degeneration.
At the 7th and 14th days, the KGF1 groups showed severe
edema, more profound necrosis, severe structural damage,
increased necrotic degeneration, and pyknosis more than the
control group. In the meantime, the necrosis organization
also began to be cleared, and this is conducive to the remodeling of latter tissue. On the 21st day, tissue remodeling had
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Figure 4: SDS-PAGE analysis. M: molecular weight standard. 1: WT noninoculated control tobacco leaves. 2: pgR107-KGF1-GFP. 3: pgR107.
4: KGF1-GFP (49 KDa) purified from tobacco leaves at 7 dpi. 5: KGF1 (19 KDa) after cleavage and separation from KGF1-GFP fusion protein.
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Figure 5: Western blot of purified KGF1-GFP and KGF1. KGF1GFP and KGF1 from tobacco leaves were resolved by SDS-PAGE,
blotted, and probed with mouse anti-KGF1 antibody. 1: noninoculated control tobacco leaves. 2: agroinfected with GV3101/pgR107.
3: agroinfected with GV3101/pgR107-KGF1-GFP(49 KDa). 4: KGF1
(19 KDa) after cleavage and separation from KGF1-GFP fusion
protein. 5: E. coli recombinant KGF1.
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been completed, and collagen formation was also observed.
The administration groups’ skin collagen was better arranged
than that of the control group. Also, much more neovascularization was observed in the administration groups, which is
favorable for supplying nutrients to the tissue. By the 28th day,
the tissue had completed epithelization. The collagen fibers
in the plant-derived KGF1 treated group and KGF-1 standard
protein treated group were in good arrangement. On the
contrary, the control group displayed disordered collagen.

4. Discussion
Here, we report an expression system using Nicotiana benthamiana to produce KGF-1. N. benthamiana leaves were
infiltrated with Agrobacterium tumefaciens strains containing
pgR107 binary vectors that were designed to combine the
advantages of A. tumefaciens-mediated transfection and viral
infection. We inserted the coding sequence of KGF-1 and
smGFP into the cloning sites of the viral binary vector to construct the experimental plasmids pgR107-KGF1-GFP. Viral
replication and expression of the recombinant fusion gene
occurred concurrently in agroinfiltrated N. benthamiana.
A strong subgenomic promoter of the PVX coat protein controlled the DNA coding sequences for KGF1-GFP.
This assures that the genes will be expressed rapidly in N.
benthamiana concurrently with viral replication. Also, the
Kozak sequence at the 5 end of KGF1 is useful for increasing
the expression of KGF1. Furthermore, alternating some of
the native KGF1 sequence DNA codons to plant-preferred
codons without changing the amino acid composition of the
protein may increase the expression as well.
KGF1 is an epithelial cell-specific growth factor that
promotes epidermal cell proliferation, migration, and differentiation, skin wound healing, and improvement of the
quality of wound healing. Wound base fibroblasts are able to
synthesize and release KGF1, which induces epidermal cell
proliferation and migration toward the wound.
Traditional methods of KGF1 production involve animal
tissue extraction and prokaryotic expression in E. coli. The
first method, however, suffers from low yield and is expensive.
The second method has the problem of unstable expression in
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Figure 7: Wound healing assay. Left column: normal saline control group; center column: plant KGF1 group; right column: KGF1 standard
protein group.

E. coli, mainly because the exogenous protein is expressed in
inclusion bodies and so requires renaturation of the inclusion
body protein. The biological activity of this product is very
low. We expressed KGF1 in tobacco by using Potato virus X
(pGR107), thereby seeking a low cost, simple method with
a high yield of KGF1. In the present study, we constructed
a plant viral expression vector pGR107-KGF1-GFP and then
transiently expressed this construct in tobacco. We observed
clear green fluorescence in infected tobacco leaves by ultraviolet excitation. Laser confocal microscopy scanning of the
tobacco leaf cells revealed expression of the fusion protein
containing KGF1. These pieces of data confirm that the fusion
protein can be highly expressed in the tobacco leaf and can be

excited to produce green fluorescence. After grinding the leaf
and purifying the fusion protein, we validated that the KGF1GFP fusion protein was successfully expressed in tobacco by
SDS-PAGE and Western blot.
NIH/3T3 cell proliferation assay results show that plantderived KGF1 can significantly promote the proliferation of
NIH/3T3 cells, with the same activity of the KGF1 standard
protein. Studies have shown that KGF-1 has a therapeutic
effect on diabetic ulcers [18, 19]. In the present study, we used
plant-derived KGF1 in the treatment of wounds in diabetic
rats. The results show that the plant-derived fusion protein
KGF1-GFP, after cleavage by erepsin, yields KGF1 that can
significantly accelerate the speed of wound healing of diabetic
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Figure 8: Masson’s staining assay imaging. Top row: normal saline control group; center row: KGF-1 standard protein group; bottom row:
plant-derived KGF-1 group. Magnification: 200x.

rats compared with rats treated with normal saline. Masson’s
staining shows that the plant-derived KGF1 has the same
effects as KGF-1 standard protein, significantly increasing
wound epithelialization and promoting necrotic tissue clearance and collagen synthesis compared with normal saline.
These results indicate that KGF1 has positive effects on the
treatment of difficult type-II diabetic ulcers, and the results
also provide a theoretical basis for the application of KGF-1
in clinical type-II diabetes therapy.

5. Conclusion
In conclusion, the evidence demonstrated that tobacco plants
expressed KGF1 via Agrobacterium-mediated transformation
using a Potato virus X- (PVX-) based vector (pgR107). The
plant-derived KGF1 promotes the proliferation of NIH/3T3
cells and significantly stimulates wound healing in the diabetic wounded rat model. Therefore, KGF1 is suggested as a
prospective industrial production factor in plant bioreactors
and a promising candidate for further development as a
therapeutic agent for wound healing.
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