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Abstract Alzheimer’s disease (AD) is the most common

type of neurodegenerative dementia that affects the elderly

population. Nerve growth factor (NGF) contributes to the

survival, regeneration and death of neurons during aging

and in neurodegenerative diseases. Recently, research has

shown that NGF is related to the pathology, mechanisms

and symptoms of AD. Therefore, there is a need to sum-

marize the new advancements in NGF research and its

potential therapeutic implications in AD. In this review, we

will focus on NGF distribution, production, and function;

the interaction of Ab and NGF; and the effect of different

therapy methods on AD. In summary, we hope to describe

the experimental and clinical data demonstrating the

important roles of NGF for AD treatment.
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Overview

Clinically, AD presents as short term memory loss and is

considered to be a progressive behavioral disorder. The

neuropathological characteristics of AD are senile plaque

deposition (mainly consisting of aggregated b amyloid),

synaptic dysfunction, intracellular neurofibrillary tangles

composed of hyperphosphorylated tau proteins, diffuse loss

of neurons and dystrophic neurites [1, 2]. This ailment

poses a severe threat to aging people across the world.

Although great efforts have been made to slow the inci-

dence of AD, little progress has been achieved. Over the

last decade, the neurotrophin family has been shown to

play important roles in neuronal development, plasticity

and neurodegenerative disease therapy, such as AD. The

neurotrophin family includes NGF and other recently

identified members, namely, brain derived neurotrophic

factor (BDNF), NT-3 (neurotrophin 3), NT-4/5 and the

recently discovered NT-6 (neurotrophin 6) [3]. NGF is a

secreted growth factor and was discovered in the 1950s [4,

5]. NGF is derived from the precursor Pro NGF, which is

the major molecule found in the human brain [6]. ProNGF

is cleaved by the matrix metalloproteinase-7 (MMP-7) and

plasmin. Plasmin cleavage of ProNGF produces the mature

form NGF, whereas MMP-7 cleavage results in a 17-kD

intermediate [6–8]. Plasminogen is converted to plasmin

via the activation of tissue plasminogen activator (tPA), a

mechanism that is regulated by the protein neuroserpin [9].

The disassembly and consequent inactivation of the mature

NGF is mediated via the activation of the precursor of

matrix metalloproteinase 9 (MMP-9) by plasmin, and its

activity is regulated by the tissue inhibitor of matrix met-

alloproteinase 1 (TIMP-1) [9]. Like other neurotrophins,

NGF is composed of two domains, the prodomain and the

NGF domain. NGF binds to the tyrosine kinase A receptor
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and the p75 pan neurotrophin receptor (p75NTR) [10].

ProNGF binds to its, receptor p75NTR, and sortilin (ap-

proximately 95 kDa), which results in the apoptosis of

neurons [11]. In addition, the chronic depletion of NGF has

been proposed to promote AD-type neurodegenerative

pathologies, which include neuronal loss, cholinergic def-

icits, tau hyperphosphorylation and large amounts of Ab
plaques [12]. Accordingly, in this review, we attempt to

describe the effect of NGF on AD and discuss current and

future opportunities for NGF-based drug therapy.

NGF: Distribution, Production and Function

Nerve growth factor (NGF) is *13 kD peptide. It was the

first well-characterized neurotrophic factor in the neu-

rotrophic family and act to promote nerve growth factors,

which led to the formation of the neurotrophic factor

hypothesis [13]. NGF has very important roles in the sur-

vival, growth and maintenance of various neurons in the

mammalian nervous system [14]. For instance, NGF has an

effect on the development of sympathetic and neural crest-

derived sensory neurons in the peripheral nervous system

and cholinergic neurons in the CNS. It has been demon-

strated that NGF expression varies during the development

of different rat CNS regions, but is significantly expressed

in the adult hippocampus [15]. In addition to neurons, glial

cells, such as microglial cells, olfactory ensheathing cells,

astrocytes and oligodendrocytes, have all been shown to

express NGF [16–21]. In the peripheral structures, NGF is

stored in blood platelets, muscle cells, Schwann cells, and

macrophages [22–25]. Additionally, NGF mediates its

biological activity through binding at the plasma mem-

brane to two distinct NGF high-affinity TrkA receptors

(tyrosine kinase receptors) and the low-affinity p75NTR (a

member of the tumor necrosis factor receptor superfamily)

[26]. Trk-mediated NGF signaling activates intracellular

signaling cascades involving pathways that are dependent

on extracellular signal-regulated kinase (ERK) and phos-

phatidylinositol 3-kinase (PI3K), which act to prevent

nuclear and mitochondrial cell death programs, resulting in

neuronal survival and differentiation. [27]. Recently, Yu

et al. [28] found that neurotrophic factors regulate the

efficiency of the Trk-mediated NGF signaling pathway

through ligand-independent interactions of Trk and GM1

(Fig. 1). It is well known that the fundamental neuromor-

phological changes of AD are the loss of cholinergic

neurons and the widespread degeneration of cholinergic

functions in the brain, which contribute to cognitive

decline and dementia [29]. Ruberti et al. [30] demonstrated

that knocking out NGF in adult mice by expressing trans-

genic anti-NGF antibodies resulted in basal forebrain and

hippocampal cholinergic neuron reductions in adult mice

(55 and 62 % reductions, respectively). In addition, adult

mice showed deficits in spatial learning behavioral tasks.

Increasing evidence supports that basal forebrain cholin-

ergic metabolic dysfunction of NGF is involved in AD and

that defective NGF processing leads to an increased

accumulation of Ab [10]. In sum, NGF may be a potential

candidate in the pathogenesis of AD and a therapy that may

alleviate Ab deposition and improve clinical cognitive and

behavioral performance.

Association of NGF with Ab in AD

The major components of AD senile plaques is a 4-kDa

peptide of 39–43 amino acids named amyloid (Ab), which

originates from a larger precursor protein named amyloid

precursor protein (APP). Recently studies have demon-

strated that NGF deprivation results in AD-like pathologies,

such as Ab accumulation/deposition, tau hyperphosphory-

lation, and synaptic dysfunction in mice, and that NGF

treatment can ameliorate the changes of Ab pathologies and

inhibit memory impairment in AD animal models [31]. Ab
is derived from APP after cleavage by b-and c-secretases

[12]. Ab is known to bind to p75NTR and may act as a

neurotrophic factor that mimics the activity of NGF,

depending on its concentration [32, 33]. Wang et al. [34]

showed that the expression of p75NTR in the brain of

APPswe transgenic mice was increased, illustrating that Ab
is a crucial factor in the regulation of p75NTR over-

Fig. 1 Signaling pathtway of NGF, involving GM1 receptor, besides

the ‘‘traditional’’ receptors p75NTR and TrkA. NGF complexes with

TrkA to activate cell survival mechanisms in the aged human healthy

brain,which are dependent on ERK and PI3K signaling pathtway.

Additionally, Ab binding to p75NTR could result into neuron death
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expression in AD and could increase Ab production and

attenuate its aggregation (Fig. 1). Additionally, APP serves

to mediate the internalization of NGF receptors via direct

interactions and therefore regulates the internalization of

NGF and NGF-induced signaling transduction for neuronal

survival and differentiation [35]. During early AD patho-

logical events, which begin with intracellular Ab accumu-

lation and end with plaque deposition, studies have reported

that Ab-induced inflammation leads to nerve growth factor

deregulation in transgenic models of Alzheimer’s disease-

like amyloid pathology [36, 37]. In vitro, the NGF-induced

differentiation of PC12 cells into neuron-like cells caused a

marked increase in both gangliosides and cholesterol and

thereby greatly potentiated the accumulation and cytotoxi-

city of Ab (1–42). NGF-differentiated cells exposed to Ab
(1–42) have been shown to display degenerated neurites;

however, a cholesterol synthesis inhibitor prevented the

formation of Ab (1–42) in PC12 cells [38]. More interest-

ingly, NGF signaling controls the amyloidogenic route and

Ab production in hippocampal neurons, and deprivation of

NGF leads to an increase in the production of Ab aggregates

and progressive release of Ab into culture medium, which

could cause cell death [39].

Effect of Different Therapeutic Modalities
on the NGF Metabolic Levels in AD

Advancing Cell Therapy for Alzheimer’s Disease

Another disadvantage to the use of NGF as a treatment of

AD pathology is its inability to penetrate the blood–brain

barrier (BBB); thus, NGF brain bioavailability is chal-

lenging. Moreover, intra-ventricular administration of NGF

leads to adverse effects, including aberrant sympathetic and

sensory neurite sprouting [40]. However, when NGF is

administered intranasally to APP/PS1 double-transgenic

mice, the results show that NGF enhances the APP non-

amyloidogenic cleavage pathway and reduces the Ab
generation in transgenic mouse brains [41]. Neural stem

cells (NSCs) are defined as CNS progenitor cells that have

the capacity for self-renewal and a multipotent potential to

become neurons or glial cells. Because of their ability to

self-renew and differentiate into neuronal and glial phe-

notypes, NSCs are a promising candidate for cell-based

therapy for CNS injury [42]. A genetically modified cell

line, HB1.F3, transfected with cholinergic acetyltransferase

(ChAT), HB1.F3.ChAT cells, have shown favorable safety

and efficacy profiles in AD models [43]. The upregulation

of ChAT would enhance the potency of NGF in the brain.

The HB1 parent cell could differentiate into neurons and

glial cells. Marei et al. [40] showed that human olfactory

bulb NSCs expressing hNGF could restore cognitive

deficits in an AD rat model; these results are relevant to

neuronal and glial cell replacement and the trophic influ-

ence exerted by the secreted NGF. Because the differen-

tiation of neural stem cells (NSCs) into cholinergic neurons

in vivo would be an important advancement for AD ther-

apy, Gu et al. [29] demonstrated that the transplantation of

NSC-derived cholinergic neuron-like cells improves cog-

nitive function in APP/PS1 transgenic mice and that these

cholinergic neuron-like cells were induced by NGF.

Additionally, Ab inhibits proliferation, promotes apoptosis

of human cortical stem cells in culture and impairs neu-

rogenesis, which are altered in the brains of AD patients.

However, recent data also suggest that Ab does not impair

the neurogenic rate in NSC progeny but increases the total

number of neurons in vitro [44]. These findings show that

Ab may be involved in neurogenesis regulation and that the

therapy mechanism of NSC grafts for the treatment of AD

need further exploration.

Acupuncture and Herbal Supplements

Acupuncture is a potential strategy for the treatment of AD

with few side effects and is easy to administer. Although

acupuncture is a promising intervention for the treatment of

AD [45, 46], the effect is still controversial [47]. Recent

data reveals that electroacupuncture treatment protects

cholinergic neurons in the hippocampus of an AD rat

model by increasing the NGF levels [48]. In addition,

cholinergic neuron degeneration is found in the basal

forebrain in postmortem AD brains [49, 50]. The Bushen–

Yizhi formula (BSYZ) is a traditional Chinese medicine

compound recipe that has been shown to ameliorate

behavior deficits in a rat model of dementia induced by D-

galactose and ibotenic acid (IBO) by up-regulating the

expression of ChAT and NGF in the hippocampus and

cortex [51]. Because Chinese herbal formulas and

acupuncture usually target multiple targets, pathways, and

systems, elucidation of the detailed mechanisms needs

further study.

Natural products from traditional medicine are also

referred to as herbal extracts. In recent decades, a number

of agents have been separated from herbs that are used in

traditional medicine, and their efficacies against AD have

been assayed. For instance, huperzine A (HupA), a novel

alkaloid isolated from the Chinese herb Huperzia serrata,

is a potent, highly specific and reversible inhibitor of

acetylcholinesterase (AChE). HupA has been found to

improve cognitive deficits and upregulate NGF expression

in AD models [52]. Several experimental studies have

suggested that 6-shogaol, a bioactive component of ginger,

may play an important role in ameliorating scopolamine-

induced memory impairment in animal models of dementia

by elevating NGF levels, PSD-95 and synaptophysin
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expression in hippocampal tissues [53]. Soy isoflavones

have estrogen-like effects and play a role in the association

between NGF gene polymorphisms and executive dys-

function in Japanese patients with early stage AD and

amnestic mild cognitive impairment. Postmenopausal

women who participated in estrogen replacement treatment

had a significantly lower risk of developing AD than

women who did not [54]. Another randomized, double-

blind, cross-over and placebo controlled trial suggested that

soy isoflavones were safe and had positive effects on

cognitive function, especially verbal memory, in post-

menopausal women. Hence, the authors speculated that the

underlying mechanisms of the favorable effects of soy

isoflavones on cognitive function may be related to

enhanced NGF levels [54].

Cholinesterase Inhibitors (ChEI) and Anti-

depressants

In AD, many neurons disappear in the superficial cortex,

and the loss of cholinergic transmission in the temporal

lobe and other cortical brain regions is responsible for the

degree of memory impairment [55]. ChEI induces a modest

improvement in memory and/or delays the rate of memory

decline [56, 57]. To date, four ChEI, tacrine, donepezil,

galanthamine and rivastigmine, have been approved by the

US Food and Drug Administration for the treatment of AD,

and several new ChEI are being studied [52]. Simona

Capsoni et al. [58] reported that the intraperitoneal and oral

administration of ganstigmine and donepezil can reverse

the cholinergic and behavioral deficits in AD11 mice,

which express anti-nerve growth factor (anti-NGF) anti-

bodies and are a comprehensive model for AD, but not

amyloid and phospho-tau accumulation, revealing different

mechanisms leading to neurodegeneration in AD11 mice.

The simultaneous incidence of AD and depression is

approximately 30–50 % [59]. Depressed adults have an

increased risk of developing AD. Anti-depressant treat-

ments have been hot topics for the administration of AD

[60]. NGF specifically has important effects on hip-

pocampal neurons that are involved in the pathogenesis and

clinical features of AD. Therefore, the administration of

antidepressants could improve the symptoms of AD

patients, and this improvement may be associated with the

elevation of NGF [59].

NGF Gene Polymorphism

Several previous studies have reported that variations in

NGF single-nucleotide polymorphisms (SNPs) are signifi-

cantly correlated to the progression of multiple sclerosis

symptoms in a gender-dependent manner [61, 62]. One

common SNP is rs6330, located in the NGF locus in coding

exon 3, in which the C/T (104C ? T) allele changes a

nonsynonymous amino acid (Ala35Val) at position 35 and

may be related to early stage AD and amnestic mild cog-

nitive deficits in Japanese patients [62, 63]. Another study

has revealed that the minor allele of rs6330 causes genetic

variations in Pro NGF and may influence the occurrence of

sporadic, late-onset AD [64]. However, other studies have

suggested that b-NGF is not the gene responsible for late-

onset familial Alzheimer’s disease (FAD) in the families

analyzed [65].

Finally, the role of NGF gene polymorphisms on patients

with AD is controversial, which suggests that the association

between them is very complicated. In the future, we should

consider more factors in clinical trials, such as age, gender,

living conditions and so on, to address the questions of gene

susceptibility related to the onset of AD.

Diet, Environment and Exercise

The pathogenic mechanism of AD is not clear, but envi-

ronmental factors, such as advancing age, family history,

presence of chronic diseases such as cardiovascular disease

(CVD) and diabetes, poor diet and lifestyle, are believed to

contribute to the development of AD [66]. Epidemiological

studies have revealed an association between nutritional

deficiency and AD risk. Recently, it was reported that

vitamin D3-enriched diets in AD transgenic mice could

decrease Ab peptide levels and increase NGF levels [67].

These observations suggest that a vitamin D3-enriched diet

may benefit AD patients. Caloric restriction has been

demonstrated to activate multiple neuroprotective benefits

and reduce Ab pathology in various AD mouse models [68,

69]. Furthermore, 2-deoxy-D-glucose treatment has been

shown to reduce the b-amyloid burden and significantly

increase the expression of neurotrophic growth factors,

such as BDNF and NGF [70].

Additionally, physical exercise has been shown to con-

tribute to the recovery of patients with AD. The transition

from a sedentary life-style to a simple active life-style has

been shown to inhibit neuronal cell death in both animal

models and patients of AD [71], indicating that physical

activity or an active life might protect against AD.

Treadmill exercise has also been shown to represses neu-

ronal cell death and up-regulate the expression of NGF in

an aged transgenic mouse model of AD [71]. Similarly,

AD11 mice develop age-dependent neurodegeneration,

which includes all features of human AD. Environmental

enrichment (EE) has been shown to restrain the progression

of neurodegeneration in a mouse model of AD, which may

be related to elevated NGF levels [72].

1214 Neurochem Res (2016) 41:1211–1218

123



Mimetics of NGF and TrkA

Much evidence has suggested that the NGF-TrkA signaling

pathway is involved in the pathogenesis and treatment of

AD. Agents that can strengthen the pathway signaling may

be therapeutic for AD. Recently, data has shown that D 7,8-

dihydroxyflavone (7,8-DHF) is a potent TrkB agonist and

has been validated to have therapeutic efficacy for AD

[73]. Although agonists of the TrkA neurotrophin receptor

and mimetics of NGF have been identified [74–76], there

are no reports on the effect of these agents on AD.

NGF-Based Gene Therapy for AD

Administration of NGF directly into the CNS is a

promising route to intervene in the disruption of NGF

maturation or degradation in clinical trials. Work from

Tuszynski et al. [77] showed that 22 months following the

implantation of autologous fibroblasts genetically modified

to express human NGF into the forebrain of six subjects, an

improvement in the rate of cognitive decline was observed.

This trial suggests that NGF might reduce the cholinergic

neuron loss in AD. Another study on gene therapy for AD

reported on the delivery of NGF via a NGF-producing,

genetically engineered encapsulated human cell line. At

12 months, the implants were successfully removed and

persistent NGF secretion was assayed in half of the patients

[78]. Additionally, adeno-associated virus (AAV) is the

most widely used vector for gene therapy in clinical trials

focused on AD. One study reported on the use of AAV2 as

the vector to deliver the NGF gene into the bilateral

nucleus basalis of Meynert of AD patients. After 2 years,

positron emission tomographic imaging and neuropsycho-

logical testing showed no evidence of accelerated decline

[79]. Although limited progress has been achieved in NGF-

based gene therapy for AD, so far, the safety concerns of

this therapy may be serious.

Concluding Remarks

In this review, we highlight the important roles of NGF in

the development and treatment of AD and summarize the

different therapy methods (Table 1). Hence, there are many

of reasons to consider NGF as an adjunct treatment in AD

patients. However, in addition to cholinergic systems, the

etiology of AD involves various neurotransmitter systems,

such as the glutamatergic, serotonergic, and peptidergic

systems. Therefore, attention should be given to the

adverse effects of NGF-related agents on other systems.

Furthermore, NGF does not significantly penetrate the

BBB, which makes its clinical utility dependent on

Table 1 Effect of different therapeutic modalities in AD

Therapy methods Therapeutic effect References

Cell treatment

NSC and HB1.F3 restore cognitive deficit in AD model and enhance the potency of NGF [40, 43]

Transplantation

Acupuncture and TCM

Electroacupuncture Increasing NGF level [48]

Bushen–Yizhi formula Increasing NGF level [51]

Compounds

Huperzine A Increasing NGF level and improve cognitive deficits [52]

Isoflavones Increasing NGF level [54]

Ganstigmine (ChEI) Reverse the cholinergic and behavioral deficits [58]

Anti-depressants Improve the symptoms of AD and elevation of NGF [59]

Diet, environment and exercise

Vitamin D3-enriched diets Increasing NGF level [67]

2-Deoxy-D-Glucose Increasing NGF level [70]

Environment restrain the progression of neurodegeneration in a model of AD [72]

Exercise inhibit neuronal cell death in both animal models and patients of AD [71]

NGF-based gene therapy for AD

Implanting autologous fibroblasts genetically cell Improvement of cognitive decline [77]

NGF-producing genetically engineered human cell line NGF secretion was assayed [78]

AAV2-NGF No cognitive decline [79]
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invasive neurosurgical procedures [80]. Therefore, how to

modify the molecular structure of NGF to allow it to cross

the BBB easily and to safely exert its therapeutic effects in

AD patients is an important question. Moreover, NGF is

essential for the survival of both the peripheral ganglion

cells and the central cholinergic neurons of the basal

forebrain. The BBB could help regulate the passage of

NGF from the periphery to the CNS and from the CNS to

the periphery [81]. Thus, it is important to study the

dynamic roles of the BBB following NGF therapy to

determine if it may affect communication between the

periphery and the CNS.

In conclusion, the advancement of AD includes multiple

and concomitant processes. These processes can be par-

tially reversed by the administration of NGF. Therefore, a

combined treatment should be applied to all of the aspects

of AD neurodegeneration.
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