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SUMMARY: Growth and differentiation factor 15 (GDF15), a member of the transforming growth factor-f
superfamily, is considered a stress response factor and has garnered increasing attention in recent years due to its roles
in neurological diseases. Although many studies have suggested that GDF15 expression is elevated in patients with
neurodegenerative diseases (NDDs), glioma, and ischemic stroke, the effects of increased GDF15 expression and the
potential underlying mechanisms remain unclear. Notably, many experimental studies have shown the multidimensional
beneficial effects of GDF15 on NDDs, and GDF15 overexpression is able to rescue NDD-associated pathological
changes and phenotypes. In glioma, GDF15 exerts opposite effects, it is both protumorigenic and antitumorigenic. The
causes of these conflicting findings are not comprehensively clear, but inhibiting GDF15 is helpful for suppressing
tumor progression. GDF15 is also regarded as a biomarker of poor clinical outcomes in ischemic stroke patients,
and targeting GDF15 may help prevent this disease. Thus, we systematically reviewed the synthesis, transcriptional
regulation, and biological functions of GDF15 and its related signaling pathways within the brain. Furthermore, we
explored the potential of GDF15 as a therapeutic target and assessed its clinical applicability in interventions for
brain diseases. By integrating the latest research findings, this study provides new insights into the future treatment of
neurological diseases.
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1. Introduction

The number of patients with brain disease in European
populations almost doubled from 2010 (179 million)
to 2017 (324 million) (/,2). The diseases with the top
five medical costs per patient are multiple sclerosis
(MS), brain tumors, stroke, dementia, and Parkinson's
disease (PD) (/). In 2017, brain discases caused 1.2
million deaths in European populations, the primary
causes of which were dementia and stroke (2). Brain
diseases are undoubtedly urgent and major challenges
for neuroscientists. Therefore, a detailed understanding
of the mechanism of brain diseases is crucial for the
development of effective therapeutic strategies.

Growth and differentiation factor 15 (GDF15), a
key cellular stress responsive factor, is a member of the
transforming growth factor-f (TGF-B) superfamily of
proteins and is widely distributed throughout peripheral
tissues and the brain. The basal expression of GDF15
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is low; however, its expression can be strongly induced
in response to cellular stress following tissue injury
(3). GDF15 expression is significantly increased in
individuals with various neurological diseases (4,5),
including Alzheimer's disease (AD), PD, amyotrophic
lateral sclerosis (ALS), MS, glioma and acute ischemic
stroke (6,7). Notably, identifying whether the overall
physiological functions of upregulated GDF15 play
protective or harmful roles in brain diseases is important.
A body of evidence has indicated that GDF15 helps
suppress the inflammatory response, regulates energy
homeostasis and body weight, protects endothelial cell
function, and inhibits the growth of early cancers but
facilitates the proliferation and invasion of advanced
cancers (8-10). However, the functions of GDF15 and
the associated signaling pathways in nerve cells and
brain diseases are poorly understood.

Additionally, several epidemiological studies have
revealed the relationships between high levels of GDF15
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and the risks of dementia and AD (/7), PD (/2), and
the severity of MS (/3). In contrast, based on current
experimental studies, upregulated GDF15 has beneficial
effects on the pathogenesis of neurodegenerative
diseases (NDDs), such as AD (/4,15), PD (16,17), and
Huntington's disease (HD), through many pathways (/8).
Similarly, contradictory findings concerning the effects
of GDF15 on glioma have been reported. On the one
hand, GDF15 promotes the proliferation and invasion
of cancer cells and is involved in immune escape (/9-
21). On the other hand, GDF15 can be transcriptionally
activated by the tumor suppressor gene p53 (22). Given
these contrasting discoveries, the physiological roles
of GDF15 in brain diseases appear to be much more
complicated than expected.

Importantly, previous studies have reported that
exogenous GDF15 promotes the clearance of amyloid-p
(AB), inhibits neuroinflammation and apoptosis, and
increases synaptic activity in an AD model (/4,15,23,24).
GDF15 is also essential for maintaining the survival
of midbrain dopaminergic neurons and contributes to
alleviating PD-like motor symptoms (/6,17). In addition,
decreasing the level of GDF15 derived from glioma
inhibits tumor growth (/9,20). GDF15 expression in
tumors is associated with the regulation of the immune
microenvironment (25). Neutralizing antibodies against
GDF15 and the GDF15 receptor, glial cell-derived
neurotrophic factor family receptor a-like (GFRAL),
are useful for relieving cachexia in patients with
advanced cancer through increased food intake(26).
GDF15 deficiency also has beneficial effects on
atherosclerotic plaque stabilization and the inhibition of
plaque progression (27,28), which provides a theoretical
foundation for the clinical application of GDF15 in
preventing cerebrovascular diseases. A series of robust
studies have suggested that GDF15 is a promising
potential therapeutic target for the treatment of brain
diseases. Therefore, in this review, we systematically
summarize the effects of GDF15 and the potential
mechanisms involved in brain diseases. Moreover, we
comprehensively evaluated the clinical applicability of
GDF15 as a new therapeutic target for treatment of brain
diseases.

2. GDF15-related mechanisms
2.1. Synthesis and secretion of GDF15

GDF15 is also known as macrophage inhibitory cytokine
1 (MIC-1) and nonsteroidal anti-inflammatory drug-
activated gene-1 (NAG-1). The human GDF15 locus
is located on chromosome 19p12-13.1, as shown by
fluorescence in situ hybridization, and comprises only
two exons of 309 bp and 891 bp separated by a 2.9-
kb intron (29). The GDF15 mRNA contains a long
open reading frame encoding a protein of 308 amino
acids, including a signal peptide of 29 amino acids, a
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propeptide of 165 amino acids and a mature peptide
of 114 amino acids (30). GDF15, a member of the
TGF-B superfamily, presents high sequence homology
and a conserved nine-cysteine region (3/). The crystal
structure of GDF15 reveals an unexpected disulfide
bonding configuration that contains a novel (1—2, 3—7)
disulfide arrangement not previously identified for the
other nine cysteine family members (1—3, 2—7) (32).
The 6th cysteine forms a disulfide bond with a free 6th
cysteine from another pro-GDF15 monomer to form
a pro-GDF15 homodimer (33). Through proteolytic
cleavage of the dimeric pro-GDF15 precursor at a
furin-like site, mature GDF15 is secreted as a 25 kDa
disulfide-linked homodimer in the endoplasmic reticulum
(33,34). Mature GDF15 is subsequently secreted into
the extracellular matrix and can be detected in the
blood and cerebrospinal fluid (CSF). In addition, matrix
metalloproteinase-26 (MMP-26) and paired basic amino
acid-cleaving enzyme 4 (PACE4) mediate the maturation
of pro-GDF15 (35). Unlike other TGF-f superfamily
proteins, the propeptide is not required for proper GDF15
folding and secretion (33). We knew very little about the
function of pro-GDF15 before Min KW et al. reported
that pro-GDF15 is also expressed in the nucleus and
plays a role in transcriptional regulation by interrupting
the DNA-binding activity of the small mother against
decapentaplegic (Smad) complex, as shown in Figure 1
(36). They reported that nuclear pro-GDF15 attenuates
TGF-p signaling through the interruption of DNA
binding to the Smad complex upon TGF-§ stimulation

5
CMR1 é{)
NPC

H—J—

H —{ Smad pathway
sp1

Figure 1. Synthesis and transcriptional regulation of GDF15. The
basal physiological transcriptional regulation of GDF15 is mediated
by Spl and Sp3. Pro-GDF15 monomer consists of a propeptide
(yellow short-lines) and a mature peptide (blue lines). Two pro-GDF15
monomers form a homodimer linker by disulfide bond (black lines).
The maturation of pro-GDF15 occurs in endoplasmic reticulum,
through proteolytic cleavage of the pro-GDF15 dimeric at a conserved
furin-like site. Pro-GDF15 can translocate from cytoplasm to nucleus
by nuclear pore complex (NPC), followed by its exportation by
chromosome region maintenance 1 (CMR1). In addition, nuclear pro-
GDF15 interrupts the DNA-binding activity of Smad complex.
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(36). Moreover, the antitumorigenic activity of GDF15
is increased by blocking the translocation of GDF15
from the cytoplasm to the nucleus (37). Whether this
regulation of GDF15 translocation is beneficial for
alleviating neurological pathological changes is worthy
of further in-depth study.

2.2. Transcriptional regulation of GDF15 expression

A promoter analysis revealed a TATA-like motif
(TATAAA) upstream of the ATG start codon in the
GDF15 gene, which is conserved among the human,
rat and mouse genes (3/,38). Numerous transcription
factors, including p53, early growth response-1 (EGR-1),
nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB), Sp1 (specificity protein 1), Sp3 (specificity
protein 3), and activator proteins 1 and 2, have been
identified as transcriptional regulators of GDF15
expression (22,38-40).

Under healthy conditions, the basal physiological
transcriptional regulation of GDF15 is mediated by
Spl and Sp3, and the level of GDFI5 gene expression
depends on the availability of specific proteins and
cofactors (40). Researchers cloned the GDF15 promoter
region and revealed that the region between -133 and
+41 base pairs contains three Spl binding sites, which
confer basal transcription-specific activity of GDF15
expression (40).

p53, a tumor suppressor gene, can transactivate
the GDF15 promoter in a p53 dose-dependent and
p53 binding site-dependent manner (22). At least two
p53 binding sites are present in the GDF15 promoter,
both of which can transactivate the GDF15 promoter
(22). In glioma cell lines, GDF15 mRNA and protein
expression is decreased in cell lines with p53 mutations
or deletions (4/). GDF15 is an important intercellular
mediator of p53-mediated suppression of tumor
function. Overexpression or pharmacological induction
of p53 strongly upregulates GDF15 expression in
lung, osteosarcoma, and prostate cancer cells and in
breast cancer cell lines (42-44). However, p53-induced
expression of GDF15 also confers resistance to cisplatin
in ovarian tumors (45). The biological functions of
GDF15 induced by p53 in different tumors may be
complex and inconsistent. The phenotypes likely depend
on the specific type of cancer cell and stage.

EGR-1, which regulates differentiation, growth, and
apoptosis and is significantly upregulated in patients
with AD and glioma (46,47), is another transcriptional
regulator of GDF15 expression that contains three zinc
finger domains. EGR-1 increases GDF15 promoter
activity and expression in a dose-dependent manner
and thereby contributes to silibinin-induced apoptosis
in HT29 colon carcinoma cells (48). Another study
reported that troglitazone induces GDF15 expression and
correlates with EGR-1 levels; cotransfection and gel shift
assays suggested that EGR-1-binding sites are located
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within the -73 to -51 region of the GDF15 promoter (39).
Furthermore, methylation of the GDF15 promoter at the
-53 site blocks EGR-1 binding and thereby suppresses
GDF15 induction (49).

Furthermore, NF-kB has been validated as a direct
transcriptional regulator of GDF15 that suppresses
macrophage-mediated immune surveillance during
the early stages of tumorigenesis (50). GDF15 is also
regulated by circular RNAs, long noncoding RNAs,
microRNAs, hormones and drugs (24,5/). In primary
mouse hepatocytes, metformin stimulates the secretion
of GDF15 by increasing the expression of activating
transcription factor 4 (ATF4) and C/EBP homologous
protein (CHOP) (52). ATF4 binds to the GDF15 promoter
and positively regulates GDF15 expression, which
suppresses lipopolysaccharide-induced inflammation
in human nasal epithelial cells (53). Importantly, ATF4
levels are increased in both the AD-affected brain and
an AD mouse model (54). Under glucose deprivation,
ATF4-dependent fructolysis is required to maintain
glioblastoma multiforme cell growth (55). These
results indicate that the ATF4/GDF15 pathway possibly
contributes to the pathogenesis of AD and glioblastoma.

2.3. The receptor of GDF15

GFRAL has been identified as the high-affinity receptor
of GDF15, which requires the coreceptor rearranged
during transfection (RET) to elicit intracellular signaling
in response to GDF15 stimulation (56). GFRAL is
encoded by the GFRAL gene, which is located on the
short arm of chromosome 6 in humans; it consists of
9 exons and encodes a 394 amino acid protein (37).
GFRAL is a distant member of the TGF-§ family of
receptors, and GDF15 binds to this receptor with high
affinity but has no interaction with other members of the
TGF-B family of receptors (57). In vivo, GDF15 induces
the activation of neurons in the area postrema (AP)
and nucleus tractus solitarius (NTS), which coexpress
GFRAL and RET; then, the activated GFRAL-RET
heterodimer induces stimulatory phosphorylation of
extracellular signal-regulated kinase (ERK) (32). In
vitro, in a cell line with stable overexpression of human
GFRAL and RET, the phosphorylation level of protein
kinase B (AKT) was also increased (56).

Current findings concerning tissues expressing
GFRAL are inconsistent. Several previous groups
reported that the GFRAL transcript is only detected
in the brain and is not detected in peripheral tissues.
In terms of the temporal and spatial characteristics of
mRNA, the GFRAL mRNA Ievel in the cerebral cortex
and hippocampus peaks at birth and then decreases,
whereas in adult mice, GFRAL transcripts are relatively
abundant in the substantia nigra, hippocampus and
spinal cord (58). However, a series of subsequent studies
provided convincing evidence that GFRAL protein
expression occurs only in neurons in the AP and NTS
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(32,56,57,59). This expression distribution is conserved
in rodents, monkeys and humans(59). These studies also
showed that GDF15-mediated reductions in food intake
and body weight in obese mice are abolished in GFRAL
knockout mice (56,57,59). Emmerson et al. reported that
increased membrane-type I matrix metalloproteinase
(MT1-MMP) activation induced by obesity is an
endogenous negative regulator of GFRAL in the context
of obesity (60). In addition, treatment with a neutralizing
monoclonal antibody against GFRAL prevented the
cisplatin-induced decrease in wheel running and
accelerated recovery, indicating that the GDF15/GFRAL
axis mediates cisplatin-induced fatigue in mice (67).
Importantly, recent study not only confirmed the results
for GFRAL expression in the brainstem but also revealed
that the GFRAL protein is detectable in the prefrontal
cortex, hippocampal CA1 region, arcuate nucleus and
peripheral tissues (including the liver, small intestine, fat,
kidney and muscle tissues) (62). In addition, GFRAL is
an endothelial cell receptor for GDF15 because GDF15
signaling events in endothelial cells are blocked by small
interfering RNA-mediated knockdown of GFRAL (63).

GDF15, with various biological functions, is
widely expressed in the periphery and brain; thus, the
widespread expression of its receptor is plausible. The
current understanding of the physiological function of
the GDF15/GFRAL axis focuses solely on its metabolic
effects. We urgently need to determine the distribution
of GFRAL expression and the mechanism of action
of the GDF15/GFRAL axis under physiological and
pathological conditions. In addition, whether other
signaling pathways, rather than associations with the
GFRAL-RET heterodimer, are involved is another
interesting issue.

2.4. Biological functions of GDF15 in brain diseases

GDF15 is expressed at relatively low levels in healthy
individuals. However, GDF15 expression can be strongly
induced in response to cellular stress during tissue
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Figure 2. The biological functions of GDF15 in brain diseases.
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injury (3). As shown in Figure 2, GDF15 is upregulated
in patients with various brain diseases, which is likely
associated with the activation of the transcription factors
EGR-1, p53, NF-«B, ATF4, and CHOP, resulting in
increased survival of neurons and neurogenesis, a
reduced inflammatory reaction, increased repair ability
after injury, the regulation of energy metabolism, and the
promotion or inhibition of tumor growth. In Table 1, we
provide a detailed summary of the effects of GDF15 and
the associated potential mechanisms in brain diseases.

In humans, the physiological concentration of
GDF15 in the serum ranges from 200 to 1200 pg/mL
(64), with a positive correlation with age (65). The CSF
GDF15 level is positively correlated with the serum
GDF15 level in the same subject (66). The author
also reported that mature GDF15 protein expression
(predominantly localized in neurons) in the hippocampus
of older individuals is greater than that in adults, but no
differences were observed in the cortex or cerebellum
(66). GDF15 may be involved in the regulation of
hippocampus-related learning and memory deficits
during aging and dementia.

Healthy neonatal and adult rat brain synthesizes
GDF15 at the site of choroid plexus epithelial cells,
where the GDF15 mRNA can be detected via in situ
hybridization, after which the protein is secreted into
the CSF to nourish the brain and spinal cord neurons
(3,17,67). In addition, the GDF15 protein can be
visualized in ependymal cells and the subventricular
zone (SVZ) (3). The SVZ is one of the major regions
involved in adult neurogenesis (68). GDF15 is involved
in neurogenesis in the developing brain (69); notably,
exogenous GDF15 has also been shown to promote
hippocampal adult neural stem cell (NSC) proliferation
and neuronal differentiation in an AD model (23).

Following a cryogenic lesion of the cortex, the
GDF15 mRNA and protein are highly upregulated
in regions adjacent to the lesion site and the dorsal
thalamus (3). Colocalization analysis suggested that
the upregulated GDF15 protein is predominantly
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Table 1. The effects of GDF15 and associated potential mechanisms on brain diseases

Diseases Effects Mechanisms References
AD AP clearance? Increasing the expression of IDE in microglia through TGFBRIL; (/4,15)
Upregulating IDE and NEP through activation of AKT/GSK-3/B-catenin
pathway
Synaptic activity Unknown (23)
Hippocampal NSC proliferation and ~ Promoting EGFR signaling (23,69)
differentiation?
Neuronal apoptosis and Activating the AKT/GSK-3p/B-catenin pathway; Upregulating SIRT1 (/5,24)
neuroinflammation | expression to inhibit the Nrf2/HO-1 axis
Oxidative stress| Upregulating SIRT1 expression to inhibit the Nrf2/HO-1 axis (24)
Mitochondria functionf Unknown (66)
PD Dopaminergic neurons survivalf Probably acts directly on neurons but not glial cells (16,17)
Microglial response Unknown (16)
Neuronal apoptosis | Upregulating PGCla via p53, dependent on Akt/mTOR phosphorylation (84)
Mitochondria functiont Upregulating PGCla via pS3; regulating the PI3K/Akt signaling pathway ~ (83,84)
MS Neuroinflammation | Unknown (13)
HD ER stress-induced apoptosis| Glucocorticoids inhibit the transcription of GDF15 (18)
Protumorigenic Migration and invasion{ Decreasing GDF15 expression inhibits the NF-kB pathway; The invasive (20,21);
activity of GDF15 capacity is coordinately regulated by RSU-1 and GDF15 (50,92);
in glioma (94)
Proliferationt Unknown (20,21)
Immune escape( Inhibiting maturation and function of DCs; Suppressing infiltration and  (/9),20);
cytotoxicity of T cells, B cells, and NK cells; Interfering with LFA-1/82-  (25,100)
integrin-mediated T cells adhesion to activated endothelial cells
Radioresistance? Regulated by the transcription factor WWTRI1/TAZ; activating the (93,98)
ERK1/2 pathway
Cancer cachexia ~ Food intake| Activating hypothalamic neurons through the formation of the GDF15- (26,103)
GFRAL-RET complex
Ischemic stroke Atherosclerotic plaque stability | GDF15 deficiency inhibits CCR2-mediated macrophage chemotaxis (28)
Atherosclerotic plaque progressiont  GDF15 deficiency suppresses the IL-6-dependent inflammatory response  (27)
and decreases cell apoptosis
Platelet aggregation| In DVT, GDF15 reduces platelet aggregation induced by ADP in (//4)
concentration-dependent manner
Angiogenesis? In acute MI, the activation of GDF15-TRPV4 axis can promote (/15)

angiogenesis

Abbreviations: 1 (enhancement); | (inhibition); Alzheimer's disease (AD); Amyloid-f (Ap); Neural stem cell (NSC); Insulin-degrading enzyme (IDE);
Transforming growth factor-f receptor II (TGFBRII); Neprilysin (NEP); Epidermal growth factor receptor (EGFR); Silent information regulator
sirtuin 1 (SIRT1); Nuclear respiratory factor (Nrf2); Heme oxygenase 1 (HO-1); Peroxisome proliferator-activated receptor y co-activator-1 alpha
(PGCla); Parkinson's disease (PD); Phosphoinositide 3-kinase (PI3K); Protein kinase B (AKT); Nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-«B); Ras suppressor 1 (RSU-1); Glycogen synthase kinase 3 (GSK-3f); Multiple sclerosis (MS); Huntington's disease (HD);
Endoplasmic reticulum (ER); Dendritic cells (DCs); Natural killer cells (NK); Lymphocyte function-associated antigen 1 (LFA-1); WW Domain
containing transcription regulator 1 (WWTRI1); extracellular signal-regulated kinase (ERK); glial cell-derived neurotrophic factor family receptor
a-like (GFRAL); rearranged during transfection (RET); C-C chemokine receptor type 2 (CCR2); Interleukin-6 (IL-6); Deep venous thrombosis (DVT);
Adenosine diphosphate (ADP); Myocardial infarction (MI); Transient receptor potential vanilloid 4 (TRPV4)

expressed in lesioned neurons but is expressed in only
a few microglia (approximately 15%), not astroglia (3).
However, Mailk et al. found that GDF15 is an astrocyte-
derived trigger of astrocyte remodeling associated with
tight junction strengthening at the blood-brain barrier
(70). Additionally, treatment with kainic acid increased
GDF15 expression in activated astrocytes throughout
the hippocampal region, and lipopolysaccharide (100
ng/mL) dramatically increased GDF15 expression in
primary astrocytes in a time-dependent manner (7).
GDF15 mRNA expression is strongly upregulated in the
hippocampus and parietal cortex after an ischemic lesion
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caused by occlusion of the middle cerebral artery (72).
A similar pattern of GDF15 induction was observed in a
cell model of AD, in which GDF15 mRNA and protein
levels were specifically increased in cells cocultured
with AB-treated microglia (/4). Thus, extensive evidence
suggests that GDF15, a pivotal stress response cytokine,
probably exerts positive effects on the repair of brain
lesions.

Importantly, GDF15-deficient mice exhibit
progressive postnatal losses of spinal cord motor
and dorsal root ganglionic neurons, reaching an
approximately 20% maximum at 6 months (73). Sensory
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neurons in the dorsal root ganglia are also involved,
whereas sympathetic neurons are not affected (73).
This evidence suggests that GDF15 is an important
trophic factor for motor and sensory neurons. Using
GDF15 knockout mice, Day et al. observed that
GDF15 is required for the reductions in food intake,
body mass, fasting insulin and glucose intolerance
caused by metformin in high-fat diet-fed mice (52). In
addition, GDF15 deficiency exacerbates dopaminergic
neuron death and reduces the microglial response in a
6-hydroxydopamine (6-OHDA) mouse model of PD
(16). The effects of GDF15 on cancers are different and
complex, partially depending on the specific type of
cancer cell. However, in glioma, high GDF15 expression
is an independent risk factor for the overall survival of
patients with lower-grade gliomas (27), indicating that
GDF15 predicts tumor progression (/9). Moreover,
many experimental studies support the protumorigenic
functions of GDF15 in glioma.

3. The roles of GDF15 in neurological diseases
3.1.AD

AD is the most common NDD and is characterized
by decreased learning and memory, the deposition
and aggregation of A, tau neurofibrillary tangles and
neuronal loss. The potential pathogenic mechanisms
of AD are not entirely clear. Accumulating evidence
indicates that GDF15 is related to cognitive decline, all-
cause dementia and the AD risk (/7,74-78). GDF15 is
also regarded as a biomarker of aging, and the circulating
level of GDF15 is positively correlated with age (65). A
relationship between serum GDF15 levels and cognitive
performance and decline has been reported by Fuchs.
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T et al., who investigated a large community-dwelling
elder cohort and first reported the association of higher
serum GDF15 levels with poorer global cognitive
function; their results indicated that the serum GDF15
level is a biomarker of cognitive decline, and an analysis
of receiver operating characteristic (ROC) curve revealed
that a GDF15 level exceeding 2764 pg/ml was associated
with a 20% chance of decline from normal cognition to
mild cognitive impairment (MCI) or dementia (/7). In
addition, two recent studies involving plasma proteomics
analysis of healthy adults revealed that GDF15 is one
of the genes most strongly associated with the risk
of AD and dementia (74,78). In general, GDF15 can
be considered a biomarker of age-related cognitive
dysfunction. However, the specific potential molecular
mechanisms of this regulation are less well known.
Conclusive evidence on whether elevated levels of
GDF15 are helpful or harmful for cognitive performance
is still unavailable.

The expression of mature GDF15 protein is
upregulated in the frontal cortex and hippocampus of
AD patients (66). Although this study did not discuss
the effects and mechanisms of increased levels of
endogenous GDF15 in the brains of AD patients,
this protein is definitely not detrimental. Exogenous
recombinant GDF15 leads to a decrease in AP plaque
deposition in in vitro and in vivo models of AD, and this
effect is abolished by treatment with a GDF15-specific
siRNA(/4). Increased GDF15 levels in individuals AD,
which potentially indicate neural injury, do not likely
represent a cause of the disease but rather a compensatory
response to stresses. Increased GDF15 levels are likely a
beneficial adaptive reaction to AD-related pathology.

Previous studies have elucidated the potential
signaling pathways mediated by GDF15 in the
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Figure 3. The effects and potential associated pathways of increased GDF15 in Alzheimer's disease and Parkinson's diseases. Neural stem
cell (NSC); Subgranular zone (SGZ); Insulin-degrading enzyme (IDE); Transforming growth factor-f receptor II (TGFBRII); Neprilysin (NEP).
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pathogenesis of AD (as shown in Figure 3). In APP/PS1
mice, human umbilical cord blood-derived mesenchymal
stem cells (hUCB-MSCs) promoted endogenous adult
hippocampal neurogenesis and synaptic activity through
the secretion of the paracrine factor GDF15 (23). Notably,
in the developing hippocampus, GDF15 promotes
epidermal growth factor receptor (EGFR) expression in
hippocampal precursors through the activation of active
CXC chemokine receptor (CXCR) 4 and the regulation
of the proliferation and migration of precursors (69). The
inhibition of GDF15 expression in hUCB-MSCs via a
GDF15 siRNA reduced the proliferation of NSCs, and
this effect was restored by the addition of recombinant
GDF15 (23). Another study revealed that hUCB-MSCs
promote the ability of microglia to clear Ap through
the regulation of GDF15 secretion (/4). Moreover,
exogenous recombinant GDF15 injection in the
hippocampus of 5XFAD mice led to an increase in Ap
degradation through increased insulin-degrading enzyme
(IDE) expression in microglia (/4). These researchers
also reported that this process was mediated by TGF-B
receptor type II, whereas Mullican et al. reported no
interaction between the TGF-f family receptor and
GDF15, except for GFRAL (57). More convincing studies
are needed to support these findings. In Ap42-treated
SH-SYSY cells, GDF15 derived from mesenchymal
stem cells (MSCs) promoted the degradation of the AB42
protein, thereby increasing cell viability and suppressing
apoptosis and inflammation through the activation of the
AKT/ glycogen synthase kinase 3B(GSK-3p)/B-catenin
pathway to upregulate neprilysin (NEP) and IDE (/5). In
addition, mitochondrial dysfunction has been implicated
in the pathophysiology of AD(26), and GDF15 is likely
involved in counteracting mitochondrial dysfunction and
neuroinflammation in the AD-affected brain (66).

However, the abovementioned studies did not include
behavioral experiments to validate improvements in
learning and memory abilities. Although exogenous
recombinant GDF15 promotes Af clearance in both cell
and mouse models of AD, the function of endogenously
unregulated GDF15 in the AD environment is still
unclear. Pathological tau accumulation is another
prominent characteristic of AD and is driven by Af
plaque deposition (79). However, to date, no related
studies on how GDF15 affects tau pathology in
individuals with AD have been reported.

In contrast, Conte et al. reported that plasm GDF15
levels in AD patients are similar to those in controls
without dementia (80). One study reported that GDF15
levels are decreased in both APP/PS1 mouse brains
and Af-treated SH-SYSY cells (24). We believe that
these results should be interpreted with caution because
the specific brain areas of APP/PS1 mice analyzed by
Western blotting were not noted. The experimental
materials and methods used for AB-treated cells were
inconsistent with those used in previous studies (/4).
However, these studies also demonstrated the protective
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effects of GDF15 on AD, and overexpression of the
GDF15 plasmid protected SHSYS5Y cells from AB-
induced inflammation, oxidative stress, and neuronal
apoptosis through the silent information regulator sirtuin
1 (SIRT1)/ nuclear respiratory factor (Nrf2)/ heme
oxygenase 1(HO-1) axis (24).

We believe that GDF15 expression in the brain
likely increases in a compensatory manner under AD
conditions to protect neurons from injury caused by
AD-related pathology. The stresses that can lead to
chronically elevated GDF15 expression may be the same
as those that cause the pathogenesis of AD. However,
under pathophysiological conditions, the compensatory
effect is not sufficient to counteract such severe injury.
In centenarians who do not present with cognitive
impairment or neuropathological features of AD,
functionally mature GDF15 is even more highly secreted
than it is in AD patients (66). In these centenarian
individuals, the higher expression of GDF15 than in
AD patients may delay the onset of age-related diseases
such as AD by decades (66). Thus, given the strong
association between higher levels of GDF15 and poorer
cognitive performance, the upregulation of GDF15 in
patients with AD seems to be an unsuccessful attempt to
address this issue. Therefore, GDF15 and its involved
signaling pathways are potential new therapeutic targets
for AD. Recently, GFRAL expression has been detected
in the hippocampal CA1 region, but the function of the
GDF15/GFRAL axis in the hippocampus of individuals
with AD has not been fully elucidated. Whether targeting
GFRAL can alleviate AD-related pathology is worthy of
further investigation.

3.2.PD

PD is an age-related neurodegenerative disorder of
unknown origin that ranks second only to AD in
prevalence (87). PD neuropathology is characterized
by the selective loss of dopaminergic neurons in the
substantia nigra pars compacta. The serum GDF15 level
is significantly higher in PD patients than in healthy
controls (1/2,82) and is an independent risk factor for the
severity of motor symptoms (/2). GDF15 is considered
a trophic factor for midbrain dopaminergic neurons
(as shown in Figure 3). In vivo, exogenous application
of GDF15 significantly prevents 6-OHDA-mediated
pathological rotational behavior and reduces the loss
of dopaminergic neurons in the substantia nigra (/7).
GDF15 may also increase the mitochondrial function
and proliferation of neuronal HT22 cells by regulating
the phosphoinositide 3-kinase (PI3K)/protein kinase B
(Akt) signaling pathway (83). Importantly, endogenous
GDF15 can ameliorate the deleterious consequences
of 6-OHDA-mediated lesions (/6). Compared with
that in GDF15"" mice, the reduction in the number of
dopaminergic neurons caused by 6-OHDA is aggravated
in GDF15-deficient mice, as are the numbers of total
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and activated microglia (/6). A recent study revealed
that overexpression of GDF15 by plasmid transfection
protects mitochondrial function and inhibits apoptosis
in SH-SYSY cells treated with rotenone, a broadly used
inducer of PD (84). Mechanistically, the neuroprotective
effect of GDF15 is mediated by the upregulation of
peroxisome proliferator-activated receptor y coactivator-1
alpha (PGCla) through the regulation of p53, and this
effect is eliminated by treatment with the PI3K/Akt-
specific inhibitor LY294002 (84).

However, in another 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-intoxicated mouse model
of PD, the absence of GDF15 did not affect the
susceptibility and recovery capacity of dopaminergic
neurons in the substantia nigra (85). The authors
suggested that this result was caused by the intrinsic
difference between the two mouse models (85). In
both AD and PD, GDF15 presents a similar pattern of
phenotypes and advantages; GDF15 is upregulated and
exerts neuroprotective effects. In summary, GDF15 is
indispensable for the intrinsic physiological function of
dopaminergic neurons. When dopaminergic neurons are
lesioned by 6-OHDA and rotenone, GDF15 expression
increases, which is mediated by the upregulation
of PGCla through the regulation of p53. Blocking
the PI3K/Akt signaling pathway can eliminate the
neuroprotective effects of GDF15.

3.3. Other NDDs

ALS is one of the most devastating NDDs and involves
the selective loss of upper and lower motor neurons,
leading to progressive paralysis. Research on the
association between GDF15 and ALS is still in the
initial stage. Mutations in the CHCHD10 gene, which
encodes a mitochondrial intermembrane space protein
that is upregulated under stress conditions, are rare
genetic causes with autosomal dominant inheritance (86).
Subsequent research revealed that GDF15 transcripts
and proteins are upregulated in the fibroblasts of ALS
patients with CHCHD 10 mutations(87). Moreover,
Younes et al. reported that the transcripts of the GDF15
low-affinity receptors TGF-BR1 and TGF-BR2, but
not the cognate high-affinity receptor GFRAL, are
detected in the spinal cord of a mouse model of ALS
(88). However, no evidence of interactions between
GDF15 and other TGF-f family receptors, except for
GFRAL, has been reported. In a cell-based PathHunter
dimerization assay, GDF15 failed to induce a response
in any of the cell lines tested, including those expressing
more than twenty TGF-$ family receptors (57). The role
of the GDF15/TGF-BR axis in ALS should be carefully
examined.

MS is a chronic, immune-mediated NDD. MS
patients, especially patients with primary progressive
MS, have higher CSF and serum levels of GDF15 than
healthy controls do (89,90). Moreover, GDF15 is a

(79)

potential biomarker for stable MS, and a longitudinal
study (mean observation time of 4.6-5.9 years) revealed
that the serum level of GDF15 is significantly higher in
patients with stable MS than in those with active MS (73).
Increased GDF15 level may reflect an endogenous anti-
inflammatory mechanism in patients with stable MS,
but this mechanism is disrupted by unknown causes in
patients with active MS (/3).

In addition, GDF15 can antagonize endoplasmic
reticulum stress-induced apoptosis and prevent HD-
mediated neurodegeneration in flies through the
antiapoptotic functions of glucocorticoids (/8).

3.4. Glioma

GDF15 is one of the most important molecules in
cancers. The effects of GDF15 on cancer development
and progression are complicated and different, likely
depending on the specific cancer type and stage (91).

In primary brain glioma, the most common type of
brain cancer, extensive evidence suggests that GDF15
possesses protumorigenic activity, contributing to
proliferation, invasion, metastasis, immune escape and
radioresistance (/9-21,92-94). Consistent with these
findings, the mRNA and protein levels of GDF15 are
elevated in glioma patients and are associated with poor
clinical outcomes (79,20,95-97). Specifically, in patients
with lower-grade gliomas, higher GDF15 expression is
significantly associated with a higher histological grade
and poorer histology and is an independent risk factor for
shorter survival (1/9,21).

The protumorigenic activities of GDF15 have been
documented in many studies. Silencing of GDF15 reduces
the proliferation of malignant glioma cells, and the
depletion of tumor-secreted GDF15 increases immune
surveillance and delays the growth of glioma (20).
Exogenous GDF15 stimulates the migration and invasion
of glioma cells (94). Moreover, the invasive capacity is
coordinately regulated by the relative expression of Ras
suppressor 1 (RSU-1) and GDF15 in specific glioma cell
lines (H4, SW1088 and A172)(92). Glioma stem cells
(GSCs) are characterized by high radioresistance and
are highly challenging to treat. High levels of GDF15,
regulated by irradiation and WW domain-containing
transcription factor 1 (WWTRI1/TAZ), promote the
intrinsic radioresistance of GSCs, while targeting GDF15
expression and blocking WWTRI1/TAZ via the specific
siRNAs in GSCs sensitizes the cells to irradiation (93).
In addition, Zhu et al. reported that GDF15 promotes
a GSC-like phenotype via activation of the ERK1/2
signaling pathway (98).

However, the molecular mechanisms underlying
this GDF15 upregulation are less well known. NF-
kB directly participates in the production of GDF15,
as the colocalization of activated NF-kB and GDF15
was observed in the epithelial ducts of human patients
with pancreatic adenocarcinoma (50). Decreasing
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GDF15 expression inhibits the invasion and migration
of glioma cell lines by regulating the NF-kB pathway
(50). Therefore, targeting the expression of tumor-
derived GDF15 is a promising therapeutic approach
for brain glioma. Notably, GDF15 is also involved in
modulating the tumor microenvironment and plays a
detrimental immunoinhibitory role; tumor-secreted
GDF15 suppresses the activity of macrophages, natural
killer (NK) cells and dendritic cells (DCs) and reduces
the infiltration of lymphocytes and T cells (25). DCs are
antigen-presenting cells that play indispensable roles
in antigen-specific immune responses. Tumor-derived
GDF15 can suppress the maturation and function of DCs
and contribute to tumor immune escape (99). GDF15
inhibits the infiltration and cytotoxicity of immune
cells, including T cells, B cells, and NK cells (/9,20).
GDF15 also interferes with lymphocyte function-
associated antigen 1 (LFA-1)/B2-integrin-mediated T-cell
adhesion to activated endothelial cells, while neutralizing
antibodies against tumor-induced GDF15 improve both
T-cell trafficking and therapeutic efficacy in murine
tumor models (/00). Thus, neutralizing antibodies
against GDF15 may be potential immunotherapeutic
strategies for glioma

Conversely, some studies have suggested that GDF15
is a tumor suppressor gene in glioblastoma (49,101).
As discussed above, the tumor suppressor gene p53 can
transactivate the GDF15 promoter and inhibit tumor
cell growth (22). In addition, Kadowaki et al. reported
that the basal expression of GDF15 in glioblastoma cell
lines is low and that GDF15 overexpression significantly
increases cell apoptosis. These researchers reported
that hypermethylation of specific promoter sequences
(-53 and +55 CpG sites) causes the transcriptional
silencing of GDF15 (49). The proteasome inhibitor
MG132 exerts antiglioblastoma effects by increasing
the phosphorylation of protein in the p38 mitogen-
activated protein kinase (MAPK) pathway followed by
the induction of GDF15 expression (/01).

Definite explanations for these conflicting
conclusions are still lacking. In fact, in addition to its
roles in glioma, GDF15 has dual roles in prostate cancer,
breast cancer, gastric cancer and colorectal cancer (25).
The effects of GDF15 (tumor-promoting or tumor-
inhibiting) may depend on the cancer type and stage. In
the early stages of cancer or in lower-grade malignancies,
GDF15 seems to inhibit cancer cell growth, while it
promotes cancer cell invasion and migration in the late
stages or in higher-grade malignancies. Glioblastoma
is the most malignant form of glioma, and the degree
of malignancy likely results in this discrepancy.
Additionally, the source of GDF15 may be another
potential reason; compared with tumor-derived GDF15,
drug/stress-induced GDF15 likely has opposite effects.
Similar to pregnancy, fetal and placenta-derived GDF15,
the major sources of GDF15 in maternal blood confirmed
by mass spectrometry, are associated with an increased
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Figure 4. The protumorigenic activities of tumor-derived GDF15
in glioma. Including promoting invasion and migration, proliferation,
immune escape and radioresistance of tumor cell.

risk of nausea and vomiting during human pregnancy
(102). Blocking GDF15 activity in pregnant mothers
may be an effective therapy for women suffering from
hyperemesis gravidarum. Both tumor and feto-placental
unit-derived GDF15 are foreign objects, that differ from
individual stress-induced GDF15. Different sources may
result in different variants and activities. Further studies
can consider the use of mass spectrometry for detection.
Notably, validating this supposition using primary
neurons cocultured with GDF15 derived from cancer cell
lines would be interesting. Most studies have suggested
that GDF15 promotes the development of cancers;
therefore, we focused on the protumorigenic activity of
GDF15 in glioma (as shown in Figure 4), and decreasing
tumor-derived GDF15 expression may contribute
to suppressing tumor growth and improving patient
prognosis. However, high-grade malignant glioma is
likely to be an exception.

In the terminal stage of cancer, severe loss of appetite
and weight loss are common symptoms that deteriorate
the patient's condition and are associated with poor
outcomes. Tumor-derived GDF15 was reported to be
responsible for cancer cachexia through the activation
of hypothalamic neurons, resulting in decreased food
intake, which was reversed by antibodies against
GDF15 (103). Importantly, Suriben R ef al. reported a
therapeutic antagonistic monoclonal antibody, 3P10, that
targets GFRAL and blocks RET signaling by preventing
RET recruitment to the GDF15-GFRAL complex (26).
In tumor-bearing mice, treatment with 3P10 reversed
excessive lipid oxidation and prevented cancer cachexia
independently of food intake (26). Nevertheless,
detailed studies on the pharmacokinetics of neutralizing
antibodies against GDF15 and GFRAL are needed to
better understand this therapeutic target.
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3.5. Ischemic stroke

Ischemic stroke is one of the most prevalent neurological
disorders and is characterized by recurrence and high
disability and mortality rates. Atrial fibrillation (AF) is a
risk factor for ischemic stroke. Importantly, in a cohort of
14,798 AF patients, those with high GDF15 levels were
more vulnerable to stroke or systemic embolism events
(0.9% vs. 2.03%) (104). In addition to the serum GDF15
level, the genotype and allele frequencies of the GDF15
rs1804826G/T polymorphism are related to ischemic
stroke in the Chinese population (/05). In addition,
several studies have consistently shown that GDF15 is
a prognostic biomarker for mortality and unfavorable
outcomes after ischemic stroke (/06-108). A high
baseline serum GDF15 concentration (> 1,800 ng/L) can
predict poor clinical outcomes in acute ischemic stroke
patients (/07). The baseline serum GDF15 concentration
is independently associated with 3-month mortality in
ischemic stroke patients after acute revascularization
therapy (/09). The relationships between increased
GDF15 levels and depression and cognitive impairment
after ischemic stroke have been identified recently
(110,111). In contrast, in a prospective study with
more than 20 years of follow-up, after controlling for
competing events, Bao et al. reported that GDF15 is
a strong biomarker for all-cause mortality but is less
reliable for ischemic stroke (//2). Thus, the baseline
serum GDF15 concentration can provide additional
information for screening ischemic stroke patients at
high risk of an unfavorable prognosis.

In an ischemic stroke mouse model generated the
occlusion of the middle cerebral artery, the expression
of the GDF15 mRNA in the hippocampus and parietal
cortex was dramatically upregulated at 3 h and 24 h after
lesion induction (72). However, the size of the infarct
area in the brain did not differ between GDF15 wild-
type and knockout mice, suggesting that upregulated
GDF15 may be involved in integrating postlesional
responses (72). Although increased GDF15 expression
may be associated with the development and progression
of ischemic stroke, this increase does not indicate that
GDF15 promotes ischemic stroke. A more plausible
explanation is that GDF15 acts as a stress response factor
involved in the repair of ischemic lesions.

In contrast, patients with carotid artery and cerebral
atherosclerosis are more susceptible to ischemic stroke.
The vital question is not how to stop the formation of
atherosclerosis but rather how to inhibit the progression
of unstable plaques complicated with luminal thrombosis.
GDF15 deficiency has a beneficial effect on plaque
stabilization by inhibiting C-C chemokine receptor
type 2 (CCR2)-mediated macrophage chemotaxis and
regulating cell death (28). In addition, GDF15 deletion
inhibits atherosclerotic progression by regulating
cell apoptosis and interleukin-6 (IL-6)-dependent
inflammatory responses to vascular injury (27). GDF15
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inhibition may be a therapeutic strategy for preventing
atherosclerotic plaque progression and ischemic stroke.
However, in the late stage of atherosclerosis, GDF15 may
exert beneficial effects on atherosclerosis by inhibiting
monocyte recruitment and macrophage activation (/13).

In patients with deep venous thrombosis (DVT),
increased GDF15 levels are associated with an increased
thrombus severity and can inhibit platelet aggregation
induced by adenosine diphosphate (ADP) in vitro in
a concentration-dependent manner (//4). Moreover,
the activation of GDF15/transient receptor potential
vanilloid 4 (TRPV4) signaling promotes angiogenesis in
individuals with acute myocardial infarction (MI) (/15).
The antiplatelet aggregation and proangiogenic effects of
GDF15 need to be identified in individual with ischemic
stroke.

4. Concluding remarks and future prospects

In clinical trials, therapies targeting GDF15 show
potential in patients with cancer and cachexia.
Ponsegromab is a humanized monoclonal antibody that
is a highly selective and potent inhibitor of GDF-15 (/16).
In an open-label clinical trial (» = 10), participants with
cancer and cachexia received 200 mg of ponsegromab,
which was administered subcutanecously every 3
weeks for 12 weeks (five doses total). Ponsegromab is
generally safe and well tolerated (/7). Ponsegromab
prominently reduce serum GDF-15 concentrations
(117). Recently, researchers published findings from
a randomized, doble-blind, 12-week phase 2 clinical
trial, and reported that ponsegromab results in increased
weight gain and appetite, along with ameliorated
cachexia symptoms and improved physical activity (/18).
Visugromab (CTL-002) is a GDF-15 neutralizing 1gG4
monoclonal antibody, that can suppress the growth of
tumors and displays promising clinical activities when
used as neoadjuvant immunotherapy for advanced/
metastatic relapsed/refractory tumors (/79). In addition,
a therapeutic antagonistic monoclonal antibody against
GFRAL, 3P10, inhibits GDF15-driven GFRAL-
RET signaling by preventing RET recruitment to the
GDF15-GFRAL complex on the cell surface (26). In
HT1080 mice, 3P10 reversed metabolic changes and
weight loss induced by tumors, independent of food
intake (26). However, several limitations of GDF15/
GFRAL neutralizing antibodies in practical clinical
applications should be acknowledged. First, the safety
and efficacy of these treatments must be validated in a
larger cohort of patients with cancer. Second, all three
of these monoclonal antibodies produce a marked
effect by blocking the interaction of GDF15 with
GFRAL, which is likely applicable only to patients
with elevated serum GDF15 levels. In glioblastoma cell
lines and primary oligodendroglioma tumors, the basal
expression of GDF15 is low, through DNA methylation-
mediated transcriptional silencing (49). In these patients,
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the abovementioned monoclonal antibodies may be
ineffective. Third, whether these drugs can pass through
the blood-brain barrier is another worthwhile problem
to slove. Finally, we believe that upregulated GDF15
may be a double-edged sword; on the one hand, it exerts
neuroprotective effects on NDDs and ischemic stroke;
on the other hand, it is detrimental to tumor inhibition.
We suppose that these effects likely depend in part on
the source of GDF15; the former, which is induced by
intrinsic stress responses, plays protective roles, whereas
the latter, which is derived from deleterious tumors, plays
harmful roles. Thus, the actual clinical value of GDF15
is likely to depend on the specific type of disease. In
NDDs, additional exogenous recombinant GDF15
seems to be protective. Notably, close monitoring of the
onset of tumors is essential when exogenous GDF15 is
administered to treat neurological diseases.

In summary, although most of the available
preclinical evidence initially showed that targeting
GDF15 and related pathways has promising clinical
application prospects in the treatment of brain diseases,
especially AD, PD, glioma and cancer cachexia,
several key problems remain to be solved. To date, we
understand only the metabolic effects of the GDF15/
GFRAL axis; thus, identifying further physiological
functions is the top priority. In addition to the GDF15/
GFRAL axis, the other potential signaling pathways
affected by GDF15 need to be clarified. In addition, the
efficacy and safety of these targets in humans need to be
thoroughly studied in the future. Further studies should
review and correct the controversial findings concerning
GDF15 in glioma.
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