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Abstract The application of neurotrophic factors (NTFs)

is a promising therapeutic strategy for neurodegenerative

disorders such as Parkinson’s disease (PD). Many NTFs

have been reported to enhance the survival, regeneration,

and differentiation of neurons and to induce synaptic

plasticity. However, because of their potential side-effects

and low efficacy after clinical administration, more potent

treatments for neurodegenerative disorders are being

sought. Cerebral dopamine neurotrophic factor (CDNF), a

newly-identified NTF homologous to mesencephalic

astrocyte-derived NTF, is structurally and functionally

different from other NTFs, providing new hope especially

for PD patients. In various animal models of PD, CDNF is

efficient in protecting and repairing dopaminergic neurons,

and it inhibits endoplasmic reticulum stress, neuroinflam-

mation, and apoptosis. Recent progress in all facets of

CDNF research has enabled researchers to better under-

stand its beneficial effects in the treatment of PD.
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Introduction

Neurotrophic factors (NTFs) are peptides essential for the

growth, maturation, and survival of neurons and axons.

Alterations in the levels and functions of these secreted

proteins have been associated with various neurodegener-

ative disorders such as Parkinson’s disease (PD). To date,

many NTFs have been discovered and identified as having

diverse biological effects; they include the neurotrophins

nerve growth factor, brain-derived neurotrophic factor

(BDNF), neurotrophin-3 (NT-3), and NT-4; glial cell-line

derived neurotrophic factor (GDNF) and its family of

ligands, such as neurturin; neurotrophic cytokines; and the

recently-characterized cerebral dopamine NTF (CDNF)

and the mesencephalic astrocyte-derived NTF (MANF)

[1–4]. In recent years, several NTFs have been used to treat

human diseases. Since they play substantial roles in con-

trolling survival and death pathways in neurons, specific

factors have received increasing attention for the treatment

of neurodegenerative disorders [5].

The pathogenesis of PD is complex and involves several

mechanisms, leading to a cohort of motor symptoms and

cognitive impairments, as well as sensory, sleep, and gas-

trointestinal dysfunctions [6]. Currently there is no cure.

The typical treatment aims to alleviate the symptoms rather

than the synaptic loss and neuronal death. The new neu-

rogenic agents, including NTFs, represent a novel strategy

for addressing the degenerative process itself. Mounting

evidence has shown that numerous NFTs act to protect

dopamine (DA) neurons from selective degeneration [7, 8].

CDNF has been demonstrated to have potential therapeutic

benefits for PD [3]. With respect to the pathogenesis of PD,

CDNF acts as a robust endogenous agent that provides

protection and recovery particularly of DA neurons in

laboratory and clinical studies. In these contexts, CDNF
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has been used as an antioxidant, anti-inflammatory, and

anti-apoptotic agent to improve mitochondrial function and

prevent the cytotoxic aggregation of proteins [9, 10]. Fur-

thermore, CDNF administration also relieves the lesions in

the 6-hydroxydopamine (6-OHDA) rat and 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse models

[8, 11]. In this review, we summarize the basic insights and

laboratory investigations regarding CDNF as a therapeutic

agent for PD, as well as the underlying molecular mecha-

nisms by which it protects and repairs DA neurons.

Structure and Distribution of CDNF

CDNF was first discovered by Lindholm using a bioin-

formatics approach, and then its conformation was char-

acterized via biochemical methods [3]. Prior to that study,

MANF was initially identified from a rat mesencephalic

type 1 astrocyte cell line in 2003 [4]. As CDNF and MANF

share common functional domains, studies of MANF are

relevant to the role of CDNF. CDNF is a paralog of MANF,

and human CDNF shows 59% amino-acid identity with

human MANF [3]. Together, CDNF and MANF form a

new, evolutionarily-conserved family of NTFs due to their

unique structures and potent protection of embryonic DA

neurons [12, 13]. These proteins are characterized by three-

dimensional structures containing eight a-helices [14, 15],

and they differ from all other known NTFs and growth

factors in amino-acid sequence. The CDNF protein is an

18-kDa monomer consisting of 187 amino-acids (contain-

ing 26 amino-acids in its signal peptide), and its encoding

gene contains 4 exons that are highly evolutionarily con-

served [16]. Analysis of CDNF crystal structure indicated

that two domains are essential for CDNF to fully exert its

function. One is the N-terminus, which is a saposin-like

structure, and the other is the C-terminus, which contains a

disulfide bridge between two cysteine residues [12, 17].

The N-terminus has a lipid-binding capacity that allows the

saposin-like structure to transfer across the lipid mem-

branes. In comparison with the N-terminus, the C-terminus

might have a marked effect through the unfolded Cys-Xaa-

Xaa-Cys (CXXC) domain and a putative endoplasmic

reticulum (ER) retention signal sequence (KTEL), indi-

cating that CDNF might be involved in ER stress, which is

an important component of PD pathogenesis [18–21].

Mutation of the CXXC motif of the C-terminal domain

abolishes the actions of MANF and CDNF; in contrast,

expression of the C-terminal domain rescues sympathetic

neurons from toxin-induced apoptosis in a Drosophila

model [22, 23]. In PD patients, the C allele of an intronic

CDNF single nucleotide polymorphism (rs7094179) has

been associated with susceptibility to PD [24]. In addition,

human CDNF has two structural isoforms, the non-

glycosylated [3] and the glycosylated conformations [17],

but neither is found in rodent CDNF. Emerging evidence

supports the notion that glycosylation of CDNF is not

required for its secretion, but helix 7 is essential for its

regulated secretion, and helix 1 is vital for both constitutive

and regulated secretion [25].

In mammals, CDNF expression occurs broadly in the

central nervous system and in peripheral tissues, including

the embryonic, postnatal, and adult mouse brain as well as

the adult human brain [26]. Transcript detection via RT-

PCR and in situ hybridization has found CDNF transcripts

in almost all brain regions, including the striatum, corpus

callosum, and optic nerve [3], and its transcription can be

regulated by the clinical drug valproic acid [27, 28].

Among peripheral organs, higher CDNF mRNA expression

has been reported in the adult mouse heart, skeletal muscle,

and testis than in the lung and stomach [3, 29], although the

overall expression level is lower than that of MANF

[29, 30]. Consistent with mRNA expression analysis,

CDNF protein expression has been detected in various

areas of the adult mouse brain, including the cerebral

cortex, hippocampus, cerebellum, thalamus, substantia

nigra (SN), and striatum, showing a partial overlap with

MANF expression [3, 29], indicating that CDNF targets

various cerebral territories to perform broad functions. One

interesting finding is that the gene expression levels of

CDNF as well as GDNF are down-regulated in the SN

under conditions of space flight, presumably explaining the

deleterious effects of microgravity on the DA system [31].

Secretion of CDNF

Abundant evidence has demonstrated that both MANF and

CDNF are secreted, with fundamentally similar secretory

mechanisms, following the classic ER-Golgi pathway.

Further, their neuroprotective roles are induced by ER

stress, and the secreted proteins can prevent cell death from

such stress [17, 32, 33]. Although studies have shown that

the endogenous protein expression and secretion of MANF

are induced by ER stress in various cell types both in vivo

and in vitro [17, 34], little is known about the secretion of

CDNF during ER stress or physiological stimuli. In cul-

tures of the cell lines U2OS and HEK293, the expression

and secretion of CDNF are not regulated by activation of

the unfolded protein response (UPR), a signaling pathway

induced by various agonists [17]. In contrast to BDNF,

which is secreted from vesicles via exocytosis [35], CDNF

is not secreted via the intrinsic secretory pathway but rather

via the regulated secretory pathway [25]. CDNF is com-

monly glycosylated in cells by both N-linked and O-linked

glycosylation, but glycosylation has no effect on its

secretion. Furthermore, two substructures in CDNF, the a-1
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and a-7 helices, affect its intracellular storage and secre-

tion. Inhibition of glycosylation of these substructures

markedly reduces the secretion of CDNF and causes its

retention in the ER, preventing its transfer into the Golgi

complex for further processing [25].

Functions and Protective Mechanisms of CDNF
in Disease Models

Like other NTFs, both CDNF and MANF are considered to

be candidate therapeutic agents for the treatment of neu-

rodegenerative diseases. Although MANF has been shown

to be a secreted mediator of the adaptive pathway regulated

by the UPR and to protect against cell death from ER

stress, apoptosis, and inflammation [36, 37], the functional

mechanisms of action of MANF and CDNF seem to be

distinct. MANF enhances the survival of embryonic DA

neurons in vitro and increases the c-aminobutyric acid-A

receptor-mediated inhibition of postsynaptic currents in

DA neurons [4, 38], whereas CDNF is best known for its

protection and repair of DA neurons in the SN. In vivo,

CDNF prevents the 6-OHDA-induced degeneration of DA

neurons in the rat model of PD. It appears to be as potent as

GDNF in having a long-term beneficial effect to reduce

amphetamine-induced rotational behavior [3]. CDNF not

only alleviates 6-OHDA-induced TH-positive cell death in

the SN but also inhibits the loss of TH-positive fibers in the

striatum [39]. In the MPTP-induced mouse model of PD,

CDNF also shows effective neuroprotection, increasing the

number of DA neurons in the SN and improving horizontal

and vertical motor behaviors [8]. Physiologically, CDNF

has been shown to prevent the DA neuron damage caused

by a-synuclein oligomers [10]. In addition to the potential

for clinical therapy for PD patients, CDNF has another

important function of improving memory. In the APP/PS1

transgenic mouse model of Alzheimer’s disease (AD),

injection of CDNF protein or CDNF transgenic AAV2 viral

vectors into the hippocampus of 1-year-old animals fol-

lowed by the water-maze test has shown that CDNF-treated

mice reach the platform more quickly and more accurately,

and they stay longer on the platform, suggesting that CDNF

expression in neurons is closely related to long-term

memory. Unexpectedly, CDNF does not affect the spon-

taneous exploration or the early spatial learning of targets

[40]. Moreover, pretreatment with CDNF reduces the

expression levels of ER stress-related proteins and amy-

loid-beta-induced synaptotoxicity at an early stage of AD

[41].

Peripheral nerve injury induces axonal degeneration and

neuronal loss, thereby affecting sensory and motor func-

tions [42, 43]. Accumulating evidence has demonstrated

that lentiviral vectors containing the CDNF gene are

effectively expressed in many models of nerve regenera-

tion, providing insight into the role of CDNF in nerve

regeneration and functional recovery [44–46]. Therefore,

CDNF can be applied via lentiviral expression in animal

models. However, the concentration is important for the

application of CDNF; Garea-Rodrı́guez and colleagues

showed that the long-term administration of high-dose

CDNF leads to pathological changes in primate brain, and

such doses, usually 7% of the maximum tolerated dose,

have potential immunogenicity in individual animals [47].

Although CDNF is a promising protective and restorative

factor in various animal models of neurological diseases,

the mechanisms underlying these effects have received

much less attention. Although CDNF has both anti-in-

flammatory and anti-apoptotic effects, current research is

mainly focused on animal models of PD (Table 1).

Nerve Repair and Protection

As a common age-related neurodegenerative disorder, PD

is characterized by a progressive loss of DA neurons and

the accumulation of Lewy bodies in the SN [48, 49]. Thus,

the actions of CDNF in nerve repair and protection may be

significant for the treatment of PD.

CDNF has been found to prevent the degeneration of

DA neurons in response to 6-OHDA neurotoxicity in rats.

A single injection of CDNF before 6-OHDA lesioning or

four weeks of CDNF administration after 6-OHDA

lesioning in the striatum significantly reduces the amphe-

tamine-induced rotation and rescues DA function in the SN

[3]. Using a rat model, Voutilainen and co-workers showed

that continuous infusion of CDNF for two weeks following

an intrastriatal 6-OHDA lesion is able to alleviate the

rotational behavior and also effectively inhibits the

6-OHDA-induced loss of TH-positive neurons in the SN

and of TH-immunoreactive fibers in the striatum [39]. In

normal animals, long-term injection of CDNF affects

behavioral habits and the pathway from the striatum to the

SN, and the route of CDNF transport from the striatum to

the SN is reverse-selective transport, rather than multiple-

point transport. This study therefore revealed an important

step for CDNF to act as a therapeutic agent for PD [39, 50].

Experimentally, these effects of CDNF seem more

promising than those of MANF and GDNF, likely

attributable to the difference in diffusion volume, given

that the distribution of CDNF is greater than that of

GDNF in the striatum after long-term injection using an
125I-labeling strategy [39, 51]. However, the physiological

differences between CDNF and MANF are unknown.

Recently, a comparative analysis of the molecular features

of mouse MANF and CDNF showed that their different

physiological actions could be ascribed to the evolutionary

differences in their C-terminal amino-acids [33].
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In addition to the 6-OHDA-induced models, the pro-

tective and reparative effects of CDNF have also been

characterized in the MPTP-induced mouse model of PD. A

study revealed that transferring CD3-activated regulatory T

cells to MPTP-intoxicated mice up-regulates CDNF

expression [52]. Airavaara et al. constructed PD models by

injecting MPTP into C57/BL6 mice to determine whether

CDNF protects the DA system and induces neuron repair.

They found that CDNF pretreatment increases TH-im-

munoreactivity in both the SN and striatum, as well as the

number of DA neurons in the SN. Consistently, CDNF

treatment after MPTP lesions alleviates the horizontal and

vertical motor behavior of mice and restores DA fiber

density [8]. In healthy rodents, GDNF is well known to

promote axonal development and improve DA uptake in

the SN [53, 54], while CDNF has no effect on the

nigrostriatal DA system [8]. Recently, the therapeutic

effect of CDNF has been compared with that of GDNF

with regard to the protection of DA neurons in a unilateral

6-OHDA-lesioned marmoset model of PD. CDNF treat-

ment significantly increased the DA transporter binding

activity in lesioned animals, with a therapeutic efficacy

more potent than that of GDNF [47].

To assess the action of CDNF in improving peripheral

nerve regeneration, the effects of overexpressing CDNF

protein have been studied in a rat model of sciatic nerve

transection. The results showed that the axons had regen-

erated at four weeks and the Schwann cells eight weeks

after injury in the CDNF-treated group, and the myelin

around central axons in the CDNF-treated group was

clearly thicker than that in the control group [46].

These different animal experiments have confirmed that

CDNF functions in neuroprotection and regeneration, which

provides an important theoretical basis for the clinical

treatment of neurodegenerative diseases, particularly PD.

Anti-inflammatory Effects

In addition to the neuroprotective effects, accumulating

evidence has shown that CDNF has an anti-inflammatory

action. Importantly, CDNF relieves ER-stress-induced

astrocyte injury and inhibits the secretion of pro-inflam-

matory factors [15]. The inflammatory reaction is a major

pathogenic process of PD. Rocha and colleagues demon-

strated that CDNF expression is present in primary astro-

cytes in the midbrain [55]. Overexpression of CDNF in

primary astrocytes alleviates ER stress-induced cellular

damage and suppresses the secretion of pro-inflammatory

cytokines induced by tunicamycin [56]. In rodent models

transiently transfected with the human CDNF gene,

6-OHDA triggers nitrosative stress in the SN, increases the

levels of inflammatory cytokines, and activates neuron/

glial type 2 cells to convert into astrocytes, leading to a

high production of CDNF. Significantly, CDNF inhibits the

6-OHDA-induced neuroinflammation by decreasing the

levels of nitrosative stress and IL-6 in the SN, thereby

having an anti-inflammatory effect [9]. Furthermore,

lipopolysaccharide (LPS) up-regulates CDNF in cultured

rat primary microglia, and CDNF administration reduces

the LPS-induced cytotoxicity and the production of pro-

inflammatory cytokines via inhibiting the JNK signaling

pathway [57]. These data provide evidence that CDNF acts

Table 1 Functions and mechanisms of action of CDNF in neurodegenerative diseases.

Model Animal/cell Function Mechanism References

6-OHDA PD Marmoset

(primate)

Nerve regeneration and

functional recovery

DAT : Garea-Rodriguez et al. [47]

Sciatic nerve

transection

Rat Nerve regeneration and

functional recovery

Axon regeneration, nerve thickness : Cheng et al. [46]

6-OHDA PD Rat Nerve regeneration and

functional recovery

TH-positive cells in SN :

TH-positive fibroblasts in striatum :

Lindholm et al. [61];

Voutilainen et al. [39]

AD APP/PS1

transgenic

mouse

Improvement of long-term

memory

Reaches platform faster and more

accurately, exploratory activity :
Kemppainen et al. [40]

AD Rat hippocampal

cells

Synaptoprotective effects ER stress ;

Ab-induced synaptotoxicity ;

Zhou et al. [41]

6-OHDA PD Rat Protection of DA neurons Recovery of normal behavior, TH : Voutilainen et al. [39]

MPTP PD Mouse Nerve repair and protection TH in SNpc : Airavaara et al. [8]

6-OHDA PD Rat Protection of DA neurons Restoration of DA cell activity and function Back et al. [11]

6-OHDA 6-hydroxydopamine, Ab amyloid-beta, AD Alzheimer’s disease, DA dopamine, DAT DA transporter, ER endoplasmic reticulum, MPTP

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PD Parkinson’s disease, SN substantia nigra, SNpc SN pars compacta, TH tyrosine hydroxylase.
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as a neuroprotective agent by interfering with the neu-

roinflammatory response in the central nervous system.

Anti-apoptotic Functions

Apoptosis is an important indicator of the degree of neu-

rological dysfunction in neurodegenerative diseases [58].

Although the cellular signals involved in apoptosis are not

fully understood, activation of ER stress results in an

enhanced sensitivity to apoptosis [59–61]. One hypothesis

for how CDNF prevents the degeneration of DA neurons is

that it suppresses apoptosis at least partially by inhibiting

the ER stress, the mechanism of which has been reviewed

elsewhere [62]. In vitro, 6-OHDA dramatically decreases

the viability of PC12 cells. However, either pre-treatment

or post-treatment with CDNF significantly enhances the

cell survival by modulating the apoptotic pathway through

increasing the Bcl-2/Bax ratio and downregulating the

caspase-3 activity (Fig. 1), and these effects occur in a

dose-dependent manner [63, 64]. Notably, the C-terminal

domain of MANF is homologous to the SAP domain of

Ku70, a well-known inhibitor of the pro-apoptotic protein

Bax [13, 65]. Although the crystal structure of the

C-terminal domain of CDNF is very similar to that of

MANF [10], how CDNF blocks apoptosis via interacting

with Bax-associated pathways is currently unknown.

Cell-Based and Gene-Therapy Approaches

Like other NTFs, the clinical application of CDNF faces

many challenges such as poor penetration of the blood-

brain barrier. Repeated injection or infusion into the brain

raises the risk of infection. However, cell-based trans-

plantation and engineered gene-expression therapies have

provided biological vehicles for the long-term administra-

tion of CDNF and produced promising outcomes for tar-

geting the DA system. Primary cell cultures stably

expressing CDNF can be derived from small-volume brain

biopsies in PD patients during surgery for deep brain

stimulation, suggesting the feasibility of small brain biop-

sies as an autologous cell source for therapeutic application

in PD [66]. Recently, CDNF-expressing bone marrow

stromal cells (BMSCs) or CDNF-expressing bone marrow-

derived mesenchymal stem cells (MSCs) were injected into

the striatum of rats with 6-OHDA-induced neurotoxicity,

and they reduced DA neuron loss and restored the tyrosine

hydroxylase levels and reduced the PD-related behavior

[67, 68]. In addition to PD, transplantation of CDNF-

BMSCs also suppresses neuroinflammation by reducing the

production of pro-inflammatory cytokines after traumatic

spinal cord injury [69]. Unfortunately, these studies do not

provide evidence regarding how exogenous cell grafts

escape immunological barriers and integrate into the host

microenvironment.

Gene-therapy approaches using NTFs have been

accepted in the clinical management of PD symptoms [51].

Recombinant adeno-associated viruses (AAVs) with minor

adverse effects are widely used for gene delivery in neu-

rodegenerative diseases [70, 71]. CDNF delivered into the

striatum using a type 2 AAV restores the functions of DA

neurons in the SN and fiber density in the striatum, while

effectively suppressing the 6-OHDA-induced behavioral

deficits in rats [72]. Consistent results were obtained in a

study of rats undergoing a similar treatment; delivery of the

CDNF gene into the striatum gave rise to long-lasting

protein expression, resulting in the reduction of ampheta-

mine-induced rotation [11]. Moreover, the effects of CDNF

delivery using a bicistronic lentiviral vector have also been

studied. CDNF expressed by a lentiviral vector inhibits

dendrite formation in hypothalamic neurons in animal

models of PD [73]. Cordero-Llana and co-workers reported

that lentiviral vector-mediated overexpression of CDNF in

Fig. 1 Schematic of the proposed neuroprotective mechanism of

action of CDNF in dopaminergic neurons. In the PD model, CDNF

binds to an unknown receptor that activates the intracellular signaling

pathways and effectively inhibits 6-OHDA-induced ROS production,

which in turn affects the Bcl-2/Bax ratio and caspase-3 apoptotic

signals. Moreover, the endogenous CDNF is retained in the ER where

it directly affects the ER stress and UPR pathways. In the ER-stressed

cells, CDNF could inhibit apoptosis induced by three UPR sensors

(PERK, IRE1, and ATF6). ATF6 activating transcription factor 6, ER

endoplasmic reticulum, GRP78 glucose regulated protein 78, IRE1

inositol-requiring enzyme 1, PERK pancreatic ER kinase-like ER

kinase, ROS reactive oxygen species, UPR unfolded protein response.

572 Neurosci. Bull. October, 2017, 33(5):568–575

123



the SN reduces 6-OHDA-induced behavioral abnormalities

and restores the DA fiber density but does not change the

number of DA neurons in the SN [74]. Importantly, that

study also showed that nigral delivery of CDNF is more

effective than striatal delivery, and the combined admin-

istration of CDNF and MANF has synergistic effects in the

neuroprotection and repair of DA neurons [74].

Conclusions

In comparison with other NTFs, CDNF shows multiple

advantages: (1) a lower affinity for the extracellular matrix,

(2) a large range of diffusion, (3) a selective effect on DA

neurons, (4) no influence on peripheral motor, sensory, and

sympathetic neurons, (5) fewer side-effects, and (6) greater

effects with low or medium concentrations than GDNF and

BDNF. Although CDNF has certain beneficial effects on

the adult midbrain DA system, validating the safety and

rapid intra-parenchymal delivery of CDNF requires addi-

tional preclinical studies before its general adoption for the

clinical treatment of PD and other neurodegenerative

diseases.

Studies on animal models of PD have shown that CDNF

has potential therapeutic uses; however, there is still a long

way to go before we achieve a better performance of

CDNF in clinical trials. To date, there is little information

about the basic biology and corresponding plasma mem-

brane receptors of CDNF, and its effects on other central or

peripheral neurons remain unclear. Remarkably, orches-

tration of the intracellular signaling pathways triggered by

CDNF might offer an alternative strategy for the use of

neurotrophic factors in clinical therapies.
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