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Major depressive disorder (MDD) is one of the most serious diseases and now
becomes a major public health problem in the world. The pathogenesis of depression
remains poorly understood. Fibroblast growth factors (FGFs) belong to a large family of
growth factors that are involved in brain development during early periods as well as
maintenance and repair throughout adulthood. In recent years, studies have found a
correlation between the members of the FGF system and depression. These signaling
molecules may be expected to be biomarkers for the diagnosis and prognosis of MDD,
and may provide new drug targets for the treatment of depression. Here, we reviewed
the correlation between some members of the FGF system and depression.

Keywords: major depressive disorder, depression, fibroblast growth factor, fibroblast growth factor receptor,
hippocampus

Major depressive disorder (MDD), a common chronic mental disorder, is mainly manifested by
changes in emotion, cognition, behavior, sleep and appetite, and it can result in impaired overall
social function. MDD is among the leading causes of suicide and disability. The prevalence of MDD
is high, with nearly one in four women or six men suffering from MDD (Kessler et al., 2010). In
addition, relapse is common in MDD. Approximately 60% of first-onset depressed patients will
suffer from a second episode (Monroe and Harkness, 2011). In sharp contrast to high prevalence
rate, the recognition rate of MDD is quite low. Among the existing MDD patients in China, only
a few have received relevant treatment, and a majority of patients can’t be diagnosed and treated
effectively and timely. The pathogenesis of MDD is very complex, and it has not been uniformly
determined. Fibroblast growth factors (FGFs) belong to a large family of growth factors that are
involved in brain development during early periods as well as maintenance and repair throughout
adulthood (Terwisscha van Scheltinga et al., 2013). Many studies show that some members of
FGF system are correlated with depression. We used “fibroblast growth factor” or “FGF” and
mood related words (e.g., “major depressive disorder;” “depression,” “mood disorder;” or “stress”)
to perform electronic searches of the English-language literatures in PubMed. References of the
retrieved articles were manually screened to identify other relevant publications. Here, we mainly
concentrated on the reported depression-related FGF system members, including FGFR1, FGF2,
FGF9, FGF21, and FGF22.

FIBROBLAST GROWTH FACTORS AND FIBROBLAST GROWTH
FACTOR RECEPTORS

The FGF system is composed of twenty-two ligands and five receptors at present in humans and
is distributed throughout the central nervous system (Turner et al., 2006). FGFs play a key role
in the function, development and metabolism of neuron. During development, FGFs control the
growth and morphology of several brain structures, and in the later stages of life, they continue
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to regulate neurogenesis, axon growth, neuroprotection,
and nervous tissue maintenance and repair (Terwisscha van
Scheltinga et al., 2010). Although structurally related, FGFs show
different action patterns, secretory mechanisms and biological
effects. Thereby they are divided into several subfamilies
(Table 1), and each subfamily has its genetic and functional
similarity (Itoh and Ornitz, 2004; Goldfarb, 2005; Beenken and
Mohammadi, 2009; Hui et al., 2018). Unlike other subfamilies,
FGF homologous factor (FHF) subfamily cannot activate FGF
receptors (Olsen et al., 2003).

Fibroblast growth factor receptor (FGFR), a member of
the receptor tyrosine kinase family, includes five kinds of
receptors, among which FGFR1~FGFR4 have receptor activity
while FGFR5 doesn’t due to the absence of intracellular part
(Yeh et al, 2003; Itoh and Ornitz, 2011). Each receptor has a
unique affinity for FGFs, and this uniqueness depends on the
differential splicing of the third extracellular immunoglobulin-
like domain (Ig-IIT) of the receptor variant (Viollet and Doherty,
1997).

Interactions of FGFs with their receptors are modulated by
cofactors such as heparan sulfate (HS) and Klotho (Ornitz
and Itoh, 2015; Hui et al, 2018). After FGFs bind to
FGFRs, four key signaling pathways, including RAS-RAF-
MAPK, PI3K-AKT, STAT, and PLCy, are activated to influence
gene transcription (Itoh and Ornitz, 2011; Turner et al,
2012).

FGF RECEPTORS AND DEPRESSION

FGFR1

Fibroblast growth factor receptor 1 (FGFRI1) is widely distributed
throughout the nervous system, contributing to hippocampal
nerve growth and long-term potentiation (Zhao et al., 2007;
Terwisscha van Scheltinga et al., 2010). The expression of FGFR1
is high in CA2 and CA3 regions of hippocampus, but low in
cortex. One study shows that the wide expression of FGFR1 in
embryonic neural progenitor cells plays a role in the formation of
the cortical plate and the structure of gyrus and sulcus (Shin et al.,
2004).

Turner C.A. et al. found that the mRNA expression of
FGFR1 was down-regulated in the hippocampus of acute social
defeat rats (Turner et al., 2008a). FGF2 microinjection (200 ng)
into the lateral ventricle of rats, which exerts antidepressant-
like effects, up-regulates the FGFR1 mRNA in the dentate
gyrus (Turner et al, 2008b). Later, Aurbach E.L. et al. found
that slow administration of exogenous FGF9 increased anxiety
and depression-like behaviors, and decreased the expression
of FGFR1 in the dentate gyrus (Aurbach et al, 2015).
These changes in FGFR1 caused by the administration of
exogenous FGF2/9 may result from an increase in FGF2/9
in animals or changes in depression status. These findings
provide evidence for the potential therapeutic value of FGFRI in
depression.

TABLE 1 | FGF subfamilies and their members (Itoh and Ornitz, 2004; Goldfarb, 2005; Beenken and Mohammadi, 2009; Hui et al., 2018).

FGF subfamily Members Binding receptor Potential effects Secretory patterns
FGF1 subfamily FGF1 all FGF receptors FGF1 subfamily members have some therapeutic potential for Paracrine Subfamilies
FGF2 FGFR1c,3c,2¢,1b,4 cardiovascular disorders, mood disorders, cancers, and are (Cofactor: heparin)

widely used for wound healing.

FGF4 subfamily FGF4, FGF5, FGF6 FGFR1c,2¢,3c,4

FGF4 subfamily members have wide-ranging functions in

development, including cardiac valve leaflet formation and
limb development.

FGF7 subfamily FGF3, FGF7,

FGF10, FGF22

FGFR2b,1b

FGF8 subfamily FGF8, FGF17, FGFR3c,4,2¢,1¢,3b
FGF18

FGF9 subfamily FGF9, FGF16, FGFR3c,2¢,1¢,3b,4
FGF20

FGF19 subfamily FGF19, FGF21, FGFR1c,2¢,3c,4 (Weak
FGF23 activity)

FGF homologous FGF11 (FHF3), FHFs have high sequence

factor (FHF) FGF12 (FHF1), identity with other FGF family

subfamily FGF13 (FHF2), members, but do not activate
( )

FGFR. FHFs bind to
intracellular domains of
voltage-gated sodium
channels (VGSCs) and to a
neuronal MAPK scaffold
protein.

FGF14 (FHF4

FGF7 and FGF10, also known as keratinocyte growth factors,
act as presynaptic organizers with roles in vesicle clustering
and neurite branching. Recombinant FGF7 is widely used for
wound healing.

FGF8 is involved in brain, limb, ear and eye development.

FGF20 is a neurotrophic factor for rat midbrain dopaminergic
neurons, and may show promise in stem cell biology.

Since Klotho expression is tissue-specific, the functions of
FGF19 subfamily members are mainly related to human
metabolic processes, such as regulating the balance of bile
acid, cholesterol, glucose, vitamin D, and phosphate.

FHF deficits induce neurological syndromes, such as impaired
central nervous system function.

Endocrine Subfamily
(Cofactor: Klotho)

FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FHF, FGF homologous factor; MAPK, mitogen-activated protein kinase; VGSCs, voltage-gated

sodium channels.
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Although an early microassay study found that the FGFR1
expression did not change in the dorsolateral prefrontal lobe and
anterior cingulate gyrus of depressed subjects, a subsequent study
found that FGFR1 mRNA was increased in hippocampal CA1l,
CA4 and dentate nuclei zone of non-psychotic depressed patients
compared with healthy controls (Evans et al., 2004; Gaughran
etal., 2006). Also, a significant increase in FGFR1 gene expression
was found in the prefrontal cortex of postmortem depressed
patients (Tochigi et al, 2008; Goswami et al., 2013). The
difference in these results may be due to the factors such as sample
pH, postmortem interval. Variation in anatomical distribution of
FGFR1 and differences in sample size and detection methods may
also affect the results.

Furthermore, FGFR1 can interact with other type of
receptors to play a role in depression. FGFR1-5-HT1A (5-
hydroxytryptamine receptor 1A) heteroreceptor complexes were
first observed in 2012, and combined FGF2 and 5-HT1A
agonist treatment increased the formation of the complexes and
enhanced the synergistic receptor-receptor interactions, which
was associated with the development of antidepressant effects
(Borroto-Escuela et al., 2012; Borroto-Escuela et al., 2016). The
results of these studies may combine the serotonin hypothesis and
the neurotrophic factor hypothesis of depression together.

FGFR2 and FGFR3

Fibroblast growth factor receptor 2 (FGFR2) and fibroblast
growth factor receptor 3 (FGFR3) are weakly expressed in
astrocytes of the hippocampus. The expression level of FGFR2
increases with age in the adult stage, while the expression level of
FGFR3 remains relatively unchanged in the early development
of the adult stage (Bansal et al, 2003). FGFR2 is mainly
expressed in diencephalon, telencephalon and mesencephalon,
and plays an important role in neurogenesis, neuroprotection,
nerve repair and hippocampal learning (Alzheimer and Werner,
2002; Umemori et al., 2004; Stevens et al., 2012), while FGFR3
is mainly expressed in diencephalic glial cells, and plays a role in
the development of the caudal telencephalon (Ford-Perriss et al.,
2001; Moldrich et al., 2011).

No change in the expression of FGFR2, FGFR3, and FGFR4
was found in the prefrontal cortex of postmortem depressed
patients (Goswami et al., 2013). However, another study found
decreased expression of FGFR2 and FGFR3 in the dorsolateral
prefrontal cortex (DLPFC) and the anterior cingulate cortex
(AnCg) after autopsy on patients with depression (Evans et al.,
2004). Decreased expression of FGFR2 and FGFR3 was also
found in the hippocampus of postmortem depressed patients
(Aurbach et al., 2015).

FGFs AND DEPRESSION

Currently, among the twenty-two identified FGFs, FGF2, FGF9,
FGF21, and FGF22 have been found to be associated with
depression.

FGF2

FGF2, widely expressed throughout the central nervous system,
is one of the main neurotrophic factors. FGF2 can regulate

hippocampal neurogenesis, synaptic formation and growth, and
thereby affects learning, memory, long-term potentiation and
response to injury (Flores et al., 2002; Ganat et al., 2002; Rai
et al,, 2007). FGF2 is mainly expressed in neurons and glial cells
during puberty and adulthood, and the hippocampus expresses
the highest level of FGF2 and its receptors in the brain (Ford-
Perriss et al., 2001).

Several experiments demonstrated that the mRNA expression
of FGF2 was down-regulated in acute social defeat rats and
post-stroke depressed rats (Turner et al, 2008a; Ji et al,
2014). Interestingly, FGF2 levels were up-regulated after
antidepressant administration. Maragnoli et al. found that
FGF2 mRNA levels in the prefrontal cortex of rats were
up-regulated after short-term or long-term combination of
fluoxetine and olanzapine (Maragnoli et al., 2004). Similarly,
after continuous injection of desipramine or fluoxetine on
adult rats for 2 weeks, immunoreactivity of FGF2 was
increased in neurons of the cerebral cortex and in astrocytes
of the hippocampus (Bachis et al, 2008). One of the
underlying mechanisms that how antidepressants up-regulate
the levels of FGF2 involves extracellular signal-regulated
kinase (ERK)-dependent early growth response 1 (EGR1)
signaling pathway in astrocytes. Amitriptyline may activate
FGFR and epidermal growth factor receptor (EGFR), which
induces the phosphorylation of ERK1/2. Then it increases the
expression of EGR1, which in turn, increases FGF2 expression
(Kajitani et al, 2015). A number of animal studies have
placed their focus on the effects of FGF2 administration.
FGF2 microinjection into the lateral ventricle of depressed
rats was reported to have antidepressant effects (Turner
et al, 2008b). Moreover, FGF2 treatment could diminish
neuronal death in olfactory bulbectomy (OBX) rats, improve
OBX induced reduction in hippocampal neurogenesis and
reverse OBX induced depression-like behavior (Jarosik et al.,
2011). Furthermore, the researchers found that FGF2, rather
than amitriptyline, could reverse the behavior alterations in
FGF2 knockout mice, indicating FGF2 as a mediator in the
antidepressant effects of amitriptyline. Similarly, slow infusion
of FGF2 showed antidepressant effects in chronic unpredictable
stress (CUS) rats, and the treatment of antidepressants failed
to improve depression-like behaviors after the administration of
FGEFR inhibitors (Elsayed et al., 2012). Though the pathogenesis
of depression and how FGFs exert antidepressant effects are
unclear, researchers still get some clues from experiments. In
chronic unpredictable mild stress (CUMS) mice, FGF2 increased
the phosphorylation of ERK and AKT via binding to FGFR1,
which up-regulated the expression of Bcl-2, leading to decreased
caspase-3 levels. These changes mediated neuroprotective effects
and in turn exerted antidepressant effects (Wang et al., 2018).
By activating ERK/MAPK pathway, FGF2 could also increase
the expression of glucocorticoid receptor and might reduce
the likelihood of depression (Numakawa et al., 2018). FGF2-
ERK signaling pathway was also reported to be involved
in the neuroinflammation induced model of depression. In
this model, exogenous FGF2 alleviated inflammation-induced
impairment in hippocampal neurogenesis by phosphorylating
ERK1/2, and reversed depressive-like behavior (Tang et al., 2017).
Meanwhile, exogenous FGF2 could modulate depressive-like
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behavior by affecting the levels of pro-inflammatory cytokines
(including interlukin-1p, interlukin-6, and tumor necrosis factor-
o), anti-inflammatory cytokine (interlukin-10) and CX3CL1
(Tang et al., 2018). In brief, the antidepressant effects of
FGF2 may be mediated by several signaling pathways and
then achieved by neuronal remodeling (including neurogenesis,
alterations of synaptic connections and plasticity) and regulation
of monoamine neurotransmitter system.

Postmortem studies concerning FGF2 levels in depressive
patients were inconsistent. Evans et al. found that the levels
of FGF2 in the DLPFC and the AnCg of postmortem
depressed patients were significantly lower than those of
healthy controls (Evans et al., 2004). Gaughran F. et al
observed decreased FGF2 mRNA in the hippocampal CA4
region of postmortem non-psychotic major depressive patients
(Gaughran et al, 2006). However, no change in FGF2 gene
expression was found in the prefrontal cortex of postmortem
depressive patients (Goswami et al., 2013). Further studies are
needed to discover the changes of FGF2 in different brain
regions.

There were discrepant results of clinical studies on the
relationship between FGF2 and depression. In an early report,
no significant difference in plasma FGF2 levels was found
between depressive patients and healthy controls (Takebayashi
et al, 2010). But in this study, patients with MDD were
under remission by being treated with antidepressants or
mood stabilizers. In another study, decreased serum FGF2
levels were found in depressive patients, and serum FGF2
levels decreased significantly but marginally after 8 weeks of
treatment (He et al., 2014). In contrast, Kahl et al. found
that serum FGF2 concentrations were increased in depressed
patients with borderline personality disorder (Kahl et al,
2009). A similar result was found that the FGF2 levels in
the peripheral blood of MDD patients with childhood trauma
exposure were significantly higher than those of healthy controls
(Lu et al., 2013). In a latest meta-analysis, peripheral FGF2
levels of depressive patients were significantly higher than
those of healthy controls, while no significant difference of
FGF2 levels in the central nervous system was found (Wu
et al, 2016). One of the reasons for the inconsistent in
these results is that some depressed patients had been treated
when they were enrolled in studies, while other patients
were drug free. Another reason is that some patients had
comorbidities or special personal histories other than MDD.
Different observation time or different ages may also affect the
results.

FGF9

FGF9, mainly expressed by neurons in the cortex, hippocampus,
thalamus, cerebellum and spinal cord, can promote cell survival
and inhibit the differentiation of astrocytes (Tagashira et al., 1995;
Nakamura et al, 1997; Todo et al., 1998; Garces et al., 2000;
Kanda et al., 2000; Huang et al., 2009; Lin et al,, 2009; Lum
etal., 2009). FGF9 not only activates IIlc splice variant of FGFR3,
but also activates IIIb splice variant of FGFR3. This binding
specificity makes FGF9 relatively special to other subfamily
members (Ornitz et al., 1996; Santos-Ocampo et al., 1996).

The mRNA expression of FGF9 in the CAl, CA2, CA3
and dentate gyrus of hippocampus was up-regulated in social
defeat stress rats (Aurbach et al., 2015). Further experiments
found that administrating exogenous FGF9 increased anxiety-
and depression-like behaviors, while knocking down endogenous
FGF9 expression in the dentate gyrus by lentiviral vector showed
decreased anxiety-like behavior in rats (Aurbach et al., 2015). It
is well to be reminded that, FGF2 and FGF9 were found to have
the opposite effect through chronic administration of FGFs, that
is, FGF2 reduced anxiety- and depression-like behaviors, while
FGF9 increased anxiety- and depression-like behaviors (Turner
et al., 2008b; Perez et al., 2009). These animal studies indicate
that FGF9 has an anxiogenic and prodepressant role in the
rodent brain. The balance between FGF factors may be crucial
to emotional regulation.

Several human studies provide evidence that FGF9 expression
was increased in certain brain areas of depressed patients, such
as hippocampus, frontal cortex and locus coeruleus (Evans
et al., 2004; Bernard et al., 2011; Aurbach et al,, 2015). Another
study found no change in the expression of FGF9 gene in the
prefrontal cortex of postmortem depressive patients (Goswami
et al., 2013). These results suggest that high levels of FGF9 in the
brain may exert an important role in the development of mood
disorders.

FGF21

FGF21, an important endogenous regulator of glucose and
lipid metabolism, has been proposed as a therapeutic target
for diabetes and obesity (Inagaki et al., 2007). It also has
a strong neuroprotective effect and acts as a mediator of
some mood stabilizers (Leng et al,, 2015). Liver is the main
organ that produces FGF21 (Kharitonenkov and Larsen, 2011).
Peripheral FGF21 could reach the brain and play a beneficial
role in central nervous system (Sarruf et al, 2010). FGF21
can also be detected in human cerebrospinal fluid (Tan et al,
2011, 2013). FGF21 contains 181 amino acid residues and
has a molecular weight of about 20 kDa, which is derived
from the mature protein of 209 amino acid residues encoded
by the FGF21 gene on chromosome 19 (Nishimura et al,
2000).

In a recent study, the FGF21 levels in cerebrospinal fluid
were found negatively related to the score of Beck Depression
Inventory (BDI) in male subjects. The lower the FGF21 levels
were, the more severe the depression was. However, no significant
correlation was found in female subjects (Liu et al., 2017). The
gender difference of the results may be related to estrogen or
oxytocin.

FGF22

As a member of FGF family, FGF22 has been found to be
significantly associated with the occurrence of epilepsy, cancer,
depression and other diseases as well as embryonic brain
development (Jarosz et al., 2012; Singh et al,, 2012; Lee and
Umemori, 2013; Miyake and Itoh, 2013). An animal experiment
confirmed that FGF22 was involved in the formation of excitatory
synapses in hippocampal neurons (Williams et al., 2016). FGF22
is mainly expressed in the brain and skin, and its receptor is
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FGFR2 (Nakatake et al., 2001; Evans et al., 2004; Beenken and
Mohammadi, 2009).

FGF22 knockout mice models display depression-like
behaviors (including despair and anhedonia) in forced swim
test, tail suspension test and sucrose preference test (Williams
et al,, 2016). The loss of excitatory synapses in the hippocampus
induced by the absence of FGF22 and FGFR2 interaction may
partly explain the depressive behavior of FGF22 knockout
mice.

In a controlled study of 90 first-onset depressive patients
and 90 healthy volunteers, decreased serum FGF22 levels were
found in depressive patients, and these levels were negatively
correlated with the patients’ scores of Hamilton Depression Scale.
After treatment, FGF22 levels increased along with the relief of
depressive symptoms (Xu et al., 2017).

Other FGFs

Evans et al. performed autopsies on depressive patients, and
found decreased expression of FGF1 in the DLPFC and AnCg,
and increased expression of FGF12 in the AnCg (Evans et al.,
2004). Major information of postmortem studies and clinical
researches included in this review is listed in Tables 2 and 3,
respectively.

Studies on Genetic Variation in FGF

Genes

Many efforts have been made at the genetic level to explore
the relations between FGFs and depression. Genetic variation
of FGF2 can influence the therapeutic effect of antidepressant
drugs. For example, several single-nucleotide polymorphisms
(SNPs) in FGF2 gene were found to be associated with altered
responsiveness to antidepressant treatment in individuals with
MDD (Kato et al., 2009, 2015). On the contrary, no SNPs of
FGFR2 gene was associated with depression (Wang et al., 2012).
At the transcriptional level, the enrichment of FGF pathways
is found both in depressed patients and rat models by gene
expression analysis (Carboni et al., 2018).

Role of FGFs in Depression

Fibroblast growth factor signaling has functional effects through
different mechanisms. FGF2 increases the number or the survival
of neurons in the hippocampus (Perez et al, 2009; Turner
et al, 2011), and controls the development and size of the
hippocampus (Ohkubo et al, 2004). Moreover, FGFR1 has
been shown to directly interact with neurotransmitter receptors
(adenosine 2A receptor and 5-HT1A receptor), and modulate
neurochemistry (Flajolet et al., 2008; Borroto-Escuela et al,
2012). Interestingly, the FGF system may be able to compensate
for the brain-derived neurotrophic factor (BDNF) system in
the mesolimbic system of BDNF knockdown mice (Berton
et al., 2006). Briefly, FGF ligands interact with FGF membrane
receptors on the surface of neurons and glial cells or with voltage-
gated sodium channels intracellularly. In addition, FGF receptors
have partners such as neural cell adhesion molecules (NCAM)
and 5-HT1A receptor (a G-protein coupled receptor). These
events trigger a host of signaling pathways mentioned before
(AKT, MAPK, PLCy), and regulate neurogenesis, neuroplasticity
or influence signal transduction. Furthermore, they regulate
ongoing behavior including stress response, anxiety, motivated
and affective behavior or episode of depression (Turner et al.,
2012).

FGFs in Other Mood Disorders

Besides depression, FGFs are associated with other mood
disorders. The correlation between FGF2 and anxiety is most
often elucidated. High-anxiety rats have lower levels of FGF2
mRNA in hippocampus compared with low-anxiety ones (Perez
et al, 2009). The FGF2 knockdown in the hippocampus of
rats by short-hairpin RNA silencing increases anxiety behavior
(Eren-Kocak et al,, 2011). Similarly, the FGF2 knockout was
reported to increase hypothalamic-pituitary-adrenal axis (HPA)
activity and anxiety behavior in mice (Salmaso et al., 2016).
Moreover, peripheral FGF2 administration both in early-life
and in adulthood of rats significantly reduces anxiety behavior
(Perez et al, 2009; Turner et al, 2011). And the anxiolytic

TABLE 2 | Postmortem studies concerning the correlation between FGFs and depression.

Study Samples Comparison Numbers FGF Main results
Evans et al. DLPFC, AnCg MDD 4 FGF2 FGF2 levels were lower in the AnCg of MDD patients.
(2004) HC 6 FGF9 FGF9 expression in the DLPFC was increased in MDD patients.
FGF1 FGF1 levels were decreased in the DLPFC and AnCg of depressive patients.
FGF12 Increased FGF12 was observed in the AnCg of depressive patients.
Gaughran et al. Hippocampus MDD 9 FGF2 Decreased FGF2 mRNA was found in the hippocampal CA4 region.
(2006) HC 12
Goswami et al. Prefrontal cortex ~ MDD 16 FGF2 No change in FGF2 gene expression was found in the prefrontal cortex of
(2013) HC 16 postmortem depressive patients.
Bernard et al. locus coeruleus MDD 12 FGF9 FGF9 expression was increased in depressed patients.
(2011) HC 8
Goswami et al. Prefrontal cortex MDD 16 FGF9 No change was found in the expression of FGF9 gene in the prefrontal cortex of
(2013) HC 16 postmortem depressive patients.
Aurbach et al. Hippocampus MDD 36 FGF9 FGF9 expression was increased in depressed patients.
(2015) HC 56

AnCg, anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; FGF, fibroblast growth factor; HC, healthy control; MDD, major depressive disorder.
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TABLE 3 | Main information of clinical researches studying the correlation between FGFs and depression

Study Samples Depression scale used Comorbidity with Main results Limitations

anxiety

Takebayashi 16 patients in remission from DSM-IV Not examined No significant difference in Limited sample size;

etal. (2010) major depressive disorders, plasma FGF2 levels was found Various medications
16 healthy controls between the MDD patients and

the matched control subjects.

He et al. (2014) 28 pre- and post-treatment DSM-IV, 24-item Not examined Serum FGF2 levels in MDD Limited sample size;
MDD patients (10 first Hamilton Depression patients were significantly lower Different types of
episode and 18 recurrent Rating Scale (HDRS-24) than those in healthy controls antidepressants
episode), 30 healthy controls (o = 0.005), and the serum

FGF2 levels decreased
significantly but marginally
following treatment for 8 weeks
(o = 0.005).

Kahl et al. 12 medication-free female DSM-IV, German version Not examined Increased concentrations of Limited sample size; No

(2009) patients with a major of the Symptom FGF2 were found in MDD/BPD comparative group with
depressive episode in the Checklist (SCL-90-R), patients compared to the current MDD and without
context of borderline German version of the healthy group. BPD
personality disorder Beck Depression
(MDD/BPD), 12 healthy Inventory (BDI)
women

Luetal (2013) 22 MDD patients with DSM-IV, Zung’s Not examined FGF2 was overexpressed in Limited sample size; Biases
childhood trauma exposure Self-rating Depression MDD patients with CTE only but ~ caused by using
(CTE), 21 MDD patients Scale (SDS), 24-item not as much expressed in MDD questionnaires to assess
without CTE, and 22 healthy Hamilton Depression patients without CTE. histories of childhood
controls without CTE Scale (HAMD) trauma; Absence of a

control group with CTE
alone

Xuetal (2017) 90 depressive patients (first Chinese classification of Not examined The patients presented The loose inclusion criteria
episode and without drug mental disorders- third significantly lower serum FGF22 ~ (HDRS-24 = 8); No
treatment), 90 controls Edition (CCMD-3), levels, and the levels increased correlation analysis

HDRS-24 after 8 weeks of treatment. between FGF 22 levels and
HDRS scores
Liuetal (2017) 67 volunteers Beck Depression No correlation was A significant association was No control group
Inventory (BDI), found between found between CSF FGF21
Self-Rating Anxiety Scale ~ FGF21 levels and levels and BDI scores in male
(SAS) SAS scores subjects, but not in female

subjects.

BDI, Beck Depression Inventory; BPD, borderline personality disorder; CCMD-3, Chinese Classification of Mental Disorders, Third Edition; CSF, Cerebrospinal fluid; CTE,
childhood trauma exposure; DSM-1V, Diagnostic and Statistical Manual of Mental Disorders 1V; FGF, fibroblast growth factor; HAMD, 24-item Hamilton Depression Scale;
HDRS-24, 24-item Hamilton Depression Rating Scale; MDD, major depressive disorder; SAS, Self-Rating Anxiety Scale; SCL-90-R, Symptom Checklist-90-Revised; SDS,

Self-rating depression scale.

effect of fluoxetine must be mediated by FGF2 through the
study of FGF2 knockout mice (Simard et al., 2018). In addition,
FGF8 and FGF21 can also affect anxiety behavior, and they
exert their influence in opposite directions. FGF8-deficient
mice display increased anxiety-like behavior, while FGF21
administration in rats induces anxiogenic behavior (Brooks et al.,
2014; Chiavaroli et al., 2017). As for bipolar disorder, serum
levels of FGF2 are higher in patients with manic episode than
those in healthy controls (Liu et al, 2014). FGF2 is related
to bipolar disorder at the genetic level of humans (Xie et al,,
2017). Similarly, FGFR2 is found to be associated with bipolar
disorder through SNPs genotyping in humans (Wang et al.,
2012).

DISCUSSION

Through reviewing existing studies, we found that the expression
levels of some members of the FGF family were disordered in

patients with depression, which indicates that a certain link exists
between the FGF family and depression. But researches on the
relation between FGF family and depression are not enough at
present and the results of animal, postmortem and clinical studies
have not been completely agreed.

Fibroblast growth factors and their roles in development,
diseases, and therapies have been studied extensively. However,
the study of FGFs in psychopathology, especially in depression, is
an emerging field. To our best knowledge, it is the first review that
focused on the neuromodulation effect of FGFs in depression.
So far, there are limited studies showing the association between
FGFs and depression, and the research methods are diverse
and lack of homogeneity. Different experimental conditions,
such as brain region, sample pH, and postmortem interval as
we mentioned before, may lead to difference in the results of
postmortem studies. Moreover, sample size, inclusion criteria,
gender, therapeutic status of patients may play a role in the
heterogeneity of results in clinical trials. In addition, previous
studies only focused on the relations between FGF levels and
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depression, but seldom mentioned the deep connections between
them and other depression-related disorders like anxiety. More
attention should be paid on the signaling pathway and genetic
variation of FGFs in depression, which may help to enrich the
existing theories about the pathogenesis of depression.

AUTHOR CONTRIBUTIONS

ZD and SD wrote the manuscript. M-RZ searched the
related literatures. M-MT planned and revised the manuscript.

REFERENCES

Alzheimer, C., and Werner, S. (2002). Fibroblast growth factors and
neuroprotection. Adv. Exp. Med. Biol. 513, 335-351. doi: 10.1007/978-1-
4615-0123-7_12

Aurbach, E. L, Inui, E. G, Turner, C. A., Hagenauer, M. H,, Prater, K. E,, Li, J. Z.,
et al. (2015). Fibroblast growth factor 9 is a novel modulator of negative affect.
Proc. Natl. Acad. Sci. U.S.A. 112, 11953-11958. doi: 10.1073/pnas.1510456112

Bachis, A., Mallei, A., Cruz, M. 1., Wellstein, A., and Mocchetti, I. (2008). Chronic
antidepressant treatments increase basic fibroblast growth factor and fibroblast
growth factor-binding protein in neurons. Neuropharmacology 55, 1114-1120.
doi: 10.1016/j.neuropharm.2008.07.014

Bansal, R., Lakhina, V., Remedios, R., and Tole, S. (2003). Expression of FGF
receptors 1, 2, 3 in the embryonic and postnatal mouse brain compared
with Pdgfralpha, Olig2 and Plp/dm20: implications for oligodendrocyte
development. Dev. Neurosci. 25, 83-95. doi: 10.1159/000072258

Beenken, A., and Mohammadi, M. (2009). The FGF family: biology,
pathophysiology and therapy. Nat. Rev. Drug. Discov. 8, 235-253.
doi: 10.1038/nrd2792

Bernard, R., Kerman, I. A., Thompson, R. C,, Jones, E. G., Bunney, W. E., Barchas,
J. D., et al. (2011). Altered expression of glutamate signaling, growth factor,
and glia genes in the locus coeruleus of patients with major depression. Mol.
Psychiatry 16, 634-646. doi: 10.1038/mp.2010.44

Berton, O., McClung, C. A,, Dileone, R. J., Krishnan, V., Renthal, W., Russo, S. J.,
et al. (2006). Essential role of BDNF in the mesolimbic dopamine pathway in
social defeat stress. Science 311, 864-868. doi: 10.1126/science.1120972

Borroto-Escuela, D. O., Romero-Fernandez, W., Mudo, G., Perez-Alea, M.,
Ciruela, F., Tarakanov, A. O., et al. (2012). Fibroblast growth factor receptor 1-
5-hydroxytryptamine 1A heteroreceptor complexes and their enhancement of
hippocampal plasticity. Biol. Psychiatry 71, 84-91. doi: 10.1016/j.biopsych.2011.
09.012

Borroto-Escuela, D. O., Tarakanov, A. O., and Fuxe, K. (2016). FGFR1-5-HT1A
heteroreceptor complexes: implications for understanding and treating major
depression. Trends Neurosci. 39, 5-15. doi: 10.1016/j.tins.2015.11.003

Brooks, L. R, Enix, C. L., Rich, S. C., Magno, J. A., Lowry, C. A,, and Tsai, P. S.
(2014). Fibroblast growth factor deficiencies impact anxiety-like behavior and
the serotonergic system. Behav. Brain Res. 264, 74-81. doi: 10.1016/j.bbr.2014.
01.053

Carboni, L., Marchetti, L., Lauria, M., Gass, P., Vollmayr, B., Redfern, A., et al.
(2018). Cross-species evidence from human and rat brain transcriptome
for growth factor signaling pathway dysregulation in major depression.
Neuropsychopharmacology ~ 43,  2134-2145. doi:  10.1038/s41386-018-
0117-6

Chiavaroli, A., Recinella, L., Ferrante, C., Martinotti, S., Vacca, M,
Brunetti, L., et al. (2017). Effects of central fibroblast growth factor 21
and irisin in anxiety-like behavior. J. Biol. Regul. Homeost. Agents 31,
797-802.

Elsayed, M., Banasr, M., Duric, V., Fournier, N. M., Licznerski, P., and Duman,
R. S. (2012). Antidepressant effects of fibroblast growth factor-2 in behavioral
and cellular models of depression. Biol. Psychiatry 72, 258-265. doi: 10.1016/].
biopsych.2012.03.003

All authors read and approved the final version of the
manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81803233), the Science Foundation
of Xiangya Hospital for Young Scholar (No. 2017Q13),
the Natural Science Foundation of Hunan Province (No.
2018]]3834).

Eren-Kocak, E., Turner, C. A., Watson, S. J., and Akil, H. (2011). Short-hairpin
RNA silencing of endogenous fibroblast growth factor 2 in rat hippocampus
increases anxiety behavior. Biol. Psychiatry 69, 534-540. doi: 10.1016/j.biopsych.
2010.11.020

Evans, S. J., Choudary, P. V., Neal, C. R,, Li, J. Z., Vawter, M. P., Tomita, H.,
et al. (2004). Dysregulation of the fibroblast growth factor system in major
depression. Proc. Natl. Acad. Sci. U.S.A. 101, 15506-15511. doi: 10.1073/pnas.
0406788101

Flajolet, M., Wang, Z., Futter, M., Shen, W., Nuangchamnong, N., Bendor, J.,
et al. (2008). FGF acts as a co-transmitter through adenosine A(2A) receptor
to regulate synaptic plasticity. Nat. Neurosci. 11, 1402-1409. doi: 10.1038/nn.
2216

Flores, C., Stewart, J., Salmaso, N., Zhang, Y., and Boksa, P. (2002). Astrocytic
basic fibroblast growth factor expression in dopaminergic regions after perinatal
anoxia. Biol. Psychiatry 52, 362-370. doi: 10.1016/S0006-3223(02)01363-X

Ford-Perriss, M., Abud, H., and Murphy, M. (2001). Fibroblast growth factors
in the developing central nervous system. Clin. Exp. Pharmacol. Physiol. 28,
493-503. doi: 10.1046/j.1440-1681.2001.03477.x

Ganat, Y., Soni, S., Chacon, M., Schwartz, M. L., and Vaccarino, F. M. (2002).
Chronic hypoxia up-regulates fibroblast growth factor ligands in the perinatal
brain and induces fibroblast growth factor-responsive radial glial cells in the
sub-ependymal zone. Neuroscience 112, 977-991. doi: 10.1016/S0306-4522(02)
00060-X

Garces, A., Nishimune, H., Philippe, J. M., Pettmann, B., and deLapeyriere, O.
(2000). FGF9: a motoneuron survival factor expressed by medial thoracic
and sacral motoneurons. J. Neurosci. Res. 60, 1-9. doi: 10.1002/(SICI)1097-
4547(20000401)60:1<1::AID-JNR1>3.0.CO;2-P

Gaughran, F., Payne, J., Sedgwick, P. M., Cotter, D., and Berry, M. (2006).
Hippocampal FGF-2 and FGFR1 mRNA expression in major depression,
schizophrenia and bipolar disorder. Brain Res. Bull. 70, 221-227. doi: 10.1016/
j.brainresbull.2006.04.008

Goldfarb, M. (2005). Fibroblast growth factor homologous factors: evolution,
structure, and function. Cytokine Growth Factor Rev. 16, 215-220. doi: 10.1016/
j.cytogfr.2005.02.002

Goswami, D. B., Jernigan, C. S., Chandran, A., Iyo, A. H., May, W. L., Austin,
M. C, et al. (2013). Gene expression analysis of novel genes in the prefrontal
cortex of major depressive disorder subjects. Prog. Neuropsychopharmacol. Biol.
Psychiatry 43, 126-133. doi: 10.1016/j.pnpbp.2012.12.010

He, S., Zhang, T., Hong, B., Peng, D., Su, H,, Lin, Z., et al. (2014). Decreased serum
fibroblast growth factor — 2 levels in pre- and post-treatment patients with
major depressive disorder. Neurosci. Lett. 579, 168-172. doi: 10.1016/j.neulet.
2014.07.035

Huang, J. Y., Hong, Y. T., and Chuang, J. I. (2009). Fibroblast growth factor 9
prevents MPP+-induced death of dopaminergic neurons and is involved in
melatonin neuroprotection in vivo and in vitro. J. Neurochem. 109, 1400-1412.
doi: 10.1111/j.1471-4159.2009.06061.x

Hui, Q., Jin, Z,, Li, X,, Liu, C.,, and Wang, X. (2018). FGF family: from drug
development to clinical application. Int. J. Mol. Sci. 19:E1875. doi: 10.3390/
ijms19071875

Inagaki, T., Dutchak, P., Zhao, G., Ding, X., Gautron, L., Parameswara, V., et al.
(2007). Endocrine regulation of the fasting response by PPARalpha-mediated

Frontiers in Pharmacology | www.frontiersin.org

February 2019 | Volume 10 | Article 60


https://doi.org/10.1007/978-1-4615-0123-7_12
https://doi.org/10.1007/978-1-4615-0123-7_12
https://doi.org/10.1073/pnas.1510456112
https://doi.org/10.1016/j.neuropharm.2008.07.014
https://doi.org/10.1159/000072258
https://doi.org/10.1038/nrd2792
https://doi.org/10.1038/mp.2010.44
https://doi.org/10.1126/science.1120972
https://doi.org/10.1016/j.biopsych.2011.09.012
https://doi.org/10.1016/j.biopsych.2011.09.012
https://doi.org/10.1016/j.tins.2015.11.003
https://doi.org/10.1016/j.bbr.2014.01.053
https://doi.org/10.1016/j.bbr.2014.01.053
https://doi.org/10.1038/s41386-018-0117-6
https://doi.org/10.1038/s41386-018-0117-6
https://doi.org/10.1016/j.biopsych.2012.03.003
https://doi.org/10.1016/j.biopsych.2012.03.003
https://doi.org/10.1016/j.biopsych.2010.11.020
https://doi.org/10.1016/j.biopsych.2010.11.020
https://doi.org/10.1073/pnas.0406788101
https://doi.org/10.1073/pnas.0406788101
https://doi.org/10.1038/nn.2216
https://doi.org/10.1038/nn.2216
https://doi.org/10.1016/S0006-3223(02)01363-X
https://doi.org/10.1046/j.1440-1681.2001.03477.x
https://doi.org/10.1016/S0306-4522(02)00060-X
https://doi.org/10.1016/S0306-4522(02)00060-X
https://doi.org/10.1002/(SICI)1097-4547(20000401)60:1<1::AID-JNR1>3.0.CO;2-P
https://doi.org/10.1002/(SICI)1097-4547(20000401)60:1<1::AID-JNR1>3.0.CO;2-P
https://doi.org/10.1016/j.brainresbull.2006.04.008
https://doi.org/10.1016/j.brainresbull.2006.04.008
https://doi.org/10.1016/j.cytogfr.2005.02.002
https://doi.org/10.1016/j.cytogfr.2005.02.002
https://doi.org/10.1016/j.pnpbp.2012.12.010
https://doi.org/10.1016/j.neulet.2014.07.035
https://doi.org/10.1016/j.neulet.2014.07.035
https://doi.org/10.1111/j.1471-4159.2009.06061.x
https://doi.org/10.3390/ijms19071875
https://doi.org/10.3390/ijms19071875
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Deng et al.

FGFs in Depression

induction of fibroblast growth factor 21. Cell Metab. 5, 415-425. doi: 10.1016/j.
cmet.2007.05.003

Itoh, N., and Ornitz, D. M. (2004). Evolution of the Fgf and Fgfr gene families.
Trends Genet. 20, 563-569. doi: 10.1016/j.tig.2004.08.007

Itoh, N., and Ornitz, D. M. (2011). Fibroblast growth factors: from molecular
evolution to roles in development, metabolism and disease. J. Biochem. 149,
121-130. doi: 10.1093/jb/mvq121

Jarosik, J., Legutko, B., Werner, S., Unsicker, K., and von Bohlen Und Halbach, O.
(2011). Roles of exogenous and endogenous FGF-2 in animal models of
depression. Restor. Neurol. Neurosci. 29, 153-165. doi: 10.3233/RNN-2011

Jarosz, M., Robbez-Masson, L., Chioni, A. M., Cross, B., Rosewell, I., and Grose, R.
(2012). Fibroblast growth factor 22 is not essential for skin development and
repair but plays a role in tumorigenesis. PLoS One 7:¢39436. doi: 10.1371/
journal.pone.0039436

Ji, X. W, Wu, C. L, Wang, X. C, Liu, J,, Bi, J. Z,, and Wang, D. Y. (2014).
Monoamine neurotransmitters and fibroblast growth factor-2 in the brains of
rats with post-stroke depression. Exp. Ther. Med. 8, 159-164. doi: 10.3892/etm.
2014.1674

Kahl, K. G., Bens, S., Ziegler, K., Rudolf, S., Kordon, A., Dibbelt, L., et al. (2009).
Angiogenic factors in patients with current major depressive disorder comorbid
with borderline personality disorder. Psychoneuroendocrinology 34, 353-357.
doi: 10.1016/j.psyneuen.2008.09.016

Kajitani, N., Hisaoka-Nakashima, K., Okada-Tsuchioka, M., Hosoi, M., Yokoe, T.,
Morioka, N., et al. (2015). Fibroblast growth factor 2 mRNA expression evoked
by amitriptyline involves extracellular signal-regulated kinase-dependent early
growth response 1 production in rat primary cultured astrocytes. J. Neurochem.
135, 27-37. doi: 10.1111/jnc.13247

Kanda, T., Iwasaki, T., Nakamura, S., Kurokawa, T., Ikeda, K., and Mizusawa, H.
(2000). Self-secretion of fibroblast growth factor-9 supports basal forebrain
cholinergic neurons in an autocrine/paracrine manner. Brain Res. 876, 22-30.
doi: 10.1016/S0006-8993(00)02563-4

Kato, M., Okugawa, G., Wakeno, M., Takekita, Y., Nonen, S., Tetsuo, S., et al.
(2009). Effect of basic fibroblast growth factor (FGF2) gene polymorphisms
on SSRIs treatment response and side effects. Eur. Neuropsychopharmacol. 19,
718-725. doi: 10.1016/j.euroneuro.2009.06.006

Kato, M., Serretti, A., Nonen, S., Takekita, Y., Wakeno, M., Azuma, J., et al. (2015).
Genetic variants in combination with early partial improvement as a clinical
utility predictor of treatment outcome in major depressive disorder: the result
of two pooled RCTs. Transl. Psychiatry 5:e513. doi: 10.1038/tp.2015.6

Kessler, R. C., Birnbaum, H., Bromet, E., Hwang, I., Sampson, N., and Shahly, V.
(2010). Age differences in major depression: results from the National
Comorbidity Survey Replication (NCS-R). Psychol. Med. 40, 225-237. doi: 10.
1017/S0033291709990213

Kharitonenkov, A., and Larsen, P. (2011). FGF21 reloaded: challenges of a rapidly
growing field. Trends Endocrinol. Metab. 22, 81-86. doi: 10.1016/j.tem.2010.
11.003

Lee, C. H., and Umemori, H. (2013). Suppression of epileptogenesis-associated
changes in response to seizures in FGF22-deficient mice. Front. Cell. Neurosci.
7:43. doi: 10.3389/fncel.2013.00043

Leng, Y., Wang, Z., Tsai, L. K., Leeds, P., Fessler, E. B., Wang, J., et al. (2015).
FGF-21, a novel metabolic regulator, has a robust neuroprotective role and is
markedly elevated in neurons by mood stabilizers. Mol. Psychiatry 20, 215-223.
doi: 10.1038/mp.2013.192

Lin, Y., Chen, L., Lin, C,, Luo, Y., Tsai, R. Y., and Wang, F. (2009). Neuron-
derived FGF9 is essential for scaffold formation of Bergmann radial fibers
and migration of granule neurons in the cerebellum. Dev. Biol. 329, 44-54.
doi: 10.1016/j.ydbio.2009.02.011

Liu, X., Zhang, T., He, S., Hong, B., Chen, Z., Peng, D., et al. (2014). Elevated
serum levels of FGF-2, NGF and IGF-1 in patients with manic episode of bipolar
disorder. Psychiatry Res. 218, 54-60. doi: 10.1016/j.psychres.2014.03.042

Liu, Y., Wang, M., Tan, X., Wang, X., Yang, X., Xiao, J., et al. (2017). Negative
correlation between cerebrospinal fluid FGF21 levels and BDI scores in male
Chinese subjects. Psychiatry Res. 252, 111-113. doi: 10.1016/j.psychres.2017.
01.075

Lu, S., Peng, H., Wang, L., Vasish, S., Zhang, Y., Gao, W., et al. (2013). Elevated
specific peripheral cytokines found in major depressive disorder patients
with childhood trauma exposure: a cytokine antibody array analysis. Compr.
Psychiatry 54, 953-961. doi: 10.1016/j.comppsych.2013.03.026

Lum, M., Turbic, A., Mitrovic, B., and Turnley, A. M. (2009). Fibroblast growth
factor-9 inhibits astrocyte differentiation of adult mouse neural progenitor cells.
J. Neurosci. Res. 87,2201-2210. doi: 10.1002/jnr.22047

Maragnoli, M. E., Fumagalli, F., Gennarelli, M., Racagni, G., and Riva, M. A.
(2004). Fluoxetine and olanzapine have synergistic effects in the modulation
of fibroblast growth factor 2 expression within the rat brain. Biol. Psychiatry 55,
1095-1102. doi: 10.1016/j.biopsych.2004.02.003

Miyake, A., and Itoh, N. (2013). Fgf22 regulated by Fgf3/Fgf8 signaling is required
for zebrafish midbrain development. Biol. Open 2, 515-524. doi: 10.1242/bio.
20134226

Moldrich, R. X., Mezzera, C., Holmes, W. M., Goda, S., Brookfield, S. J., Rankin,
A. ], et al. (2011). Fgfr3 regulates development of the caudal telencephalon.
Dev. Dyn. 240, 1586-1599. doi: 10.1002/dvdy.22636

Monroe, S. M., and Harkness, K. L. (2011). Recurrence in major depression: a
conceptual analysis. Psychol. Rev. 118, 655-674. doi: 10.1037/a0025190

Nakamura, S., Todo, T., Haga, S., Aizawa, T., Motoi, Y., Ueki, A., et al. (1997).
Motor neurons in human and rat spinal cord synthesize fibroblast growth
factor-9. Neurosci. Lett. 221, 181-184. doi: 10.1016/S0304-3940(96)13312-7

Nakatake, Y., Hoshikawa, M., Asaki, T., Kassai, Y., and Itoh, N. (2001).
Identification of a novel fibroblast growth factor, FGF-22, preferentially
expressed in the inner root sheath of the hair follicle. Biochim. Biophys. Acta
1517, 460-463. doi: 10.1016/S0167-4781(00)00302-X

Nishimura, T., Nakatake, Y., Konishi, M., and Itoh, N. (2000). Identification of a
novel FGE, FGF-21, preferentially expressed in the liver. Biochim. Biophys. Acta
1492, 203-206. doi: 10.1016/S0167-4781(00)00067- 1

Numakawa, T., Odaka, H., Adachi, N., Chiba, S., Ooshima, Y., Matsuno, H., et al.
(2018). Basic fibroblast growth factor increased glucocorticoid receptors in
cortical neurons through MAP kinase pathway. Neurochem. Int. 118, 217-224.
doi: 10.1016/j.neuint.2018.06.009

Ohkubo, Y., Uchida, A. O., Shin, D., Partanen, J., and Vaccarino, F. M.
(2004). Fibroblast growth factor receptor 1 is required for the proliferation
of hippocampal progenitor cells and for hippocampal growth in mouse.
J. Neurosci. 24, 6057-6069. doi: 10.1523/J]NEUROSCI.1140-04.2004

Olsen, S. K., Garbi, M., Zampieri, N., Eliseenkova, A. V., Ornitz, D. M.,
Goldfarb, M., et al. (2003). Fibroblast growth factor (FGF) homologous factors
share structural but not functional homology with FGFs. J. Biol. Chem. 278,
34226-34236. doi: 10.1074/jbc.M303183200

Ornitz, D. M., and Itoh, N. (2015). The Fibroblast Growth Factor signaling
pathway. Wiley Interdiscip. Rev. Dev. Biol. 4, 215-266. doi: 10.1002/
wdev.176

Ornitz, D. M., Xu, J., Colvin, J. S, McEwen, D. G., MacArthur, C. A.,
Coulier, F.,, et al. (1996). Receptor specificity of the fibroblast growth
factor family. J. Biol. Chem. 271, 15292-15297. doi: 10.1074/jbc.271.25.
15292

Perez, J. A., Clinton, S. M., Turner, C. A., Watson, S. J., and Akil, H. (2009). A new
role for FGF2 as an endogenous inhibitor of anxiety. J. Neurosci. 29, 6379-6387.
doi: 10.1523/JNEUROSCI.4829-08.2009

Rai, K. S., Hattiangady, B., and Shetty, A. K. (2007). Enhanced production and
dendritic growth of new dentate granule cells in the middle-aged hippocampus
following intracerebroventricular FGF-2 infusions. Eur. J. Neurosci. 26, 1765—
1779. doi: 10.1111/j.1460-9568.2007.05820.x

Salmaso, N., Stevens, H. E., McNeill, J., ElSayed, M., Ren, Q., Maragnoli,
M. E., et al. (2016). Fibroblast growth factor 2 modulates hypothalamic
pituitary axis activity and anxiety behavior through glucocorticoid
receptors. Biol. Psychiatry 80, 479-489. doi: 10.1016/j.biopsych.2016.
02.026

Santos-Ocampo, S., Colvin, J. S., Chellaiah, A., and Ornitz, D. M. (1996).
Expression and biological activity of mouse fibroblast growth factor-9. J. Biol.
Chem. 271, 1726-1731. doi: 10.1074/jbc.271.3.1726

Sarruf, D. A,, Thaler, J. P., Morton, G. J., German, J., Fischer, J. D., Ogimoto, K.,
et al. (2010). Fibroblast growth factor 21 action in the brain increases energy
expenditure and insulin sensitivity in obese rats. Diabetes 59, 1817-1824. doi:
10.2337/db09-1878

Shin, D. M., Korada, S., Raballo, R., Shashikant, C. S., Simeone, A., Taylor, J. R., et al.
(2004). Loss of glutamatergic pyramidal neurons in frontal and temporal cortex
resulting from attenuation of FGFR1 signaling is associated with spontaneous
hyperactivity in mice. J. Neurosci. 24, 2247-2258. doi: 10.1523/JNEUROSCI.
5285-03.2004

Frontiers in Pharmacology | www.frontiersin.org

February 2019 | Volume 10 | Article 60


https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.cmet.2007.05.003
https://doi.org/10.1016/j.tig.2004.08.007
https://doi.org/10.1093/jb/mvq121
https://doi.org/10.3233/RNN-2011
https://doi.org/10.1371/journal.pone.0039436
https://doi.org/10.1371/journal.pone.0039436
https://doi.org/10.3892/etm.2014.1674
https://doi.org/10.3892/etm.2014.1674
https://doi.org/10.1016/j.psyneuen.2008.09.016
https://doi.org/10.1111/jnc.13247
https://doi.org/10.1016/S0006-8993(00)02563-4
https://doi.org/10.1016/j.euroneuro.2009.06.006
https://doi.org/10.1038/tp.2015.6
https://doi.org/10.1017/S0033291709990213
https://doi.org/10.1017/S0033291709990213
https://doi.org/10.1016/j.tem.2010.11.003
https://doi.org/10.1016/j.tem.2010.11.003
https://doi.org/10.3389/fncel.2013.00043
https://doi.org/10.1038/mp.2013.192
https://doi.org/10.1016/j.ydbio.2009.02.011
https://doi.org/10.1016/j.psychres.2014.03.042
https://doi.org/10.1016/j.psychres.2017.01.075
https://doi.org/10.1016/j.psychres.2017.01.075
https://doi.org/10.1016/j.comppsych.2013.03.026
https://doi.org/10.1002/jnr.22047
https://doi.org/10.1016/j.biopsych.2004.02.003
https://doi.org/10.1242/bio.20134226
https://doi.org/10.1242/bio.20134226
https://doi.org/10.1002/dvdy.22636
https://doi.org/10.1037/a0025190
https://doi.org/10.1016/S0304-3940(96)13312-7
https://doi.org/10.1016/S0167-4781(00)00302-X
https://doi.org/10.1016/S0167-4781(00)00067-1
https://doi.org/10.1016/j.neuint.2018.06.009
https://doi.org/10.1523/JNEUROSCI.1140-04.2004
https://doi.org/10.1074/jbc.M303183200
https://doi.org/10.1002/wdev.176
https://doi.org/10.1002/wdev.176
https://doi.org/10.1074/jbc.271.25.15292
https://doi.org/10.1074/jbc.271.25.15292
https://doi.org/10.1523/JNEUROSCI.4829-08.2009
https://doi.org/10.1111/j.1460-9568.2007.05820.x
https://doi.org/10.1016/j.biopsych.2016.02.026
https://doi.org/10.1016/j.biopsych.2016.02.026
https://doi.org/10.1074/jbc.271.3.1726
https://doi.org/10.2337/db09-1878
https://doi.org/10.2337/db09-1878
https://doi.org/10.1523/JNEUROSCI.5285-03.2004
https://doi.org/10.1523/JNEUROSCI.5285-03.2004
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Deng et al.

FGFs in Depression

Simard, S., Shail, P., MacGregor, J., El Sayed, M., Duman, R. S., Vaccarino, F. M.,
et al. (2018). Fibroblast growth factor 2 is necessary for the antidepressant
effects of fluoxetine. PLoS One 13:€0204980. doi: 10.1371/journal.pone.020
4980

Singh, R., Su, J., Brooks, J., Terauchi, A., Umemori, H., and Fox, M. A. (2012).
Fibroblast growth factor 22 contributes to the development of retinal nerve
terminals in the dorsal lateral geniculate nucleus. Front. Mol. Neurosci. 4:61.
doi: 10.3389/fnmol.2011.00061

Stevens, H. E., Jiang, G. Y., Schwartz, M. L., and Vaccarino, F. M. (2012). Learning
and memory depend on fibroblast growth factor receptor 2 functioning in
hippocampus. Biol. Psychiatry 71, 1090-1098. doi: 10.1016/j.biopsych.2012.
03.013

Tagashira, S., Ozaki, K., Ohta, M., and Itoh, N. (1995). Localization of fibroblast
growth factor-9 mRNA in the rat brain. Brain Res. Mol. Brain Res. 30, 233-241.
doi: 10.1016/0169-328X(95)00009-H

Takebayashi, M., Hashimoto, R., Hisaoka, K., Tsuchioka, M., and Kunugi, H.
(2010). Plasma levels of vascular endothelial growth factor and fibroblast
growth factor 2 in patients with major depressive disorders. J. Neural. Trans.
117, 1119-1122. doi: 10.1007/s00702-010-0452-1

Tan, B. K., Hallschmid, M., Adya, R., Kern, W., Lehnert, H., and Randeva, H. S.
(2011). Fibroblast growth factor 21 (FGF21) in human cerebrospinal fluid:
relationship with plasma FGF21 and body adiposity. Diabetes 60, 2758-2762.
doi: 10.2337/db11-0672

Tan, B. K., Sivakumar, K., Bari, M. F., Vatish, M., and Randeva, H. S. (2013).
Lower cerebrospinal fluid/plasma fibroblast growth factor 21 (FGF21) ratios
and placental FGF21 production in gestational diabetes. PLoS One 8:¢65254.
doi: 10.1371/journal.pone.0065254

Tang, M. M., Lin, W. J,, Pan, Y. Q, and Li, Y. C. (2018). Fibroblast growth
factor 2 modulates hippocampal microglia activation in a neuroinflammation
induced model of depression. Front. Cell. Neurosci. 12:255. doi: 10.3389/fncel.
2018.00255

Tang, M. M, Lin, W.]., Zhang, J. T., Zhao, Y. W., and Li, Y. C. (2017). Exogenous
FGF2 reverses depressive-like behaviors and restores the suppressed FGF2-
ERK1/2 signaling and the impaired hippocampal neurogenesis induced by
neuroinflammation. Brain Behav. Immun. 66, 322-331. doi: 10.1016/j.bbi.2017.
05.013

Terwisscha van Scheltinga, A. F., Bakker, S. C., and Kahn, R. S. (2010). Fibroblast
growth factors in schizophrenia. Schizophr. Bull. 36, 1157-1166. doi: 10.1093/
schbul/sbp033

Terwisscha van Scheltinga, A. F., Bakker, S. C., Kahn, R. S., and Kas, M. J.
(2013). Fibroblast growth factors in neurodevelopment and psychopathology.
Neuroscientist 19, 479-494. doi: 10.1177/1073858412472399

Tochigi, M., Iwamoto, K., Bundo, M., Sasaki, T., Kato, N., and Kato, T. (2008). Gene
expression profiling of major depression and suicide in the prefrontal cortex
of postmortem brains. Neurosci. Res. 60, 184-191. doi: 10.1016/j.neures.2007.
10.010

Todo, T., Kondo, T., Nakamura, S., Kirino, T., Kurokawa, T., and Ikeda, K.
(1998). Neuronal localization of fibroblast growth factor-9 immunoreactivity
in human and rat brain. Brain Res. 783, 179-187. doi: 10.1016/S0006-8993(97)
01340-1

Turner, C. A., Akil, H., Watson, S. J., and Evans, S. J. (2006). The fibroblast
growth factor system and mood disorders. Biol. Psychiatry 59, 1128-1135. doi:
10.1016/j.biopsych.2006.02.026

Turner, C. A., Calvo, N., Frost, D. O., Akil, H., and Watson, S. J. (2008a).
The fibroblast growth factor system is downregulated following social defeat.
Neurosci. Lett. 430, 147-150. doi: 10.1016/j.neulet.2007.10.041

Turner, C. A., Gula, E. L., Taylor, L. P., Watson, S. J., and Akil, H. (2008b).
Antidepressant-like effects of intracerebroventricular FGF2 in rats. Brain Res.
1224, 63-68. doi: 10.1016/j.brainres.2008.05.088

Turner, C. A, Clinton, S. M., Thompson, R. C., Watson, S. J. Jr., and Akil, H.
(2011). Fibroblast growth factor-2 (FGF2) augmentation early in life alters
hippocampal development and rescues the anxiety phenotype in vulnerable
animals. Proc. Natl. Acad. Sci. U.S.A. 108, 8021-8025. doi: 10.1073/pnas.
1103732108

Turner, C. A., Watson, S. J., and Akil, H. (2012). The fibroblast growth factor
family: neuromodulation of affective behavior. Neuron 76, 160-174. doi: 10.
1016/j.neuron.2012.08.037

Umemori, H., Linhoff, M. W., Ornitz, D. M., and Sanes, J. R. (2004). FGF22 and its
close relatives are presynaptic organizing molecules in the mammalian brain.
Cell 118, 257-270. doi: 10.1016/j.cell.2004.06.025

Viollet, C., and Doherty, P. (1997). CAMs and the FGF receptor: an interacting
role in axonal growth. Cell Tissue Res. 290, 451-455. doi: 10.1007/s00441005
0952

Wang, L., Li, X. X,, Chen, X,, Qin, X. Y., Kardami, E., and Cheng, Y. (2018).
Antidepressant-like effects of low- and high-molecular weight FGF-2 on
chronic unpredictable mild stress mice. Front. Mol. Neurosci. 11:377. doi: 10.
3389/fnmol.2018.00377

Wang, T., Zeng, Z., Hu, Z., Zheng, L., Li, T., Li, Y., et al. (2012). FGFR2 is associated
with bipolar disorder: a large-scale case-control study of three psychiatric
disorders in the Chinese Han population. World J. Biol. Psychiatry 13, 599-604.
doi: 10.3109/15622975.2011.650203

Williams, A. J., Yee, P., Smith, M. C., Murphy, G. G., and Umemori, H. (2016).
Deletion of fibroblast growth factor 22 (FGF22) causes a depression-like
phenotype in adult mice. Behav. Brain Res. 307, 11-17. doi: 10.1016/j.bbr.2016.
03.047

Wu, C. K, Tseng, P. T., Chen, Y. W, Tu, K Y, and Lin, P. Y.
(2016). Significantly higher peripheral fibroblast growth factor-2 levels
in patients with major depressive disorder: A preliminary meta-analysis
under MOOSE guidelines. Medicine 95:¢4563. doi: 10.1097/MD.00000000000
04563

Xie, Z., Yang, X., Deng, X., Ma, M., and Shu, K. (2017). A genome-
wide association study and complex network identify four core hub
genes in bipolar disorder. Int. J. Mol. Sci. 18:E2763. doi: 10.3390/ijms181
22763

Xu, Y. H, Yu, M., Wei, H, Yao, S, Chen, S. Y, Zhu, X. L, et al
(2017). Fibroblast growth factor 22 is a novel modulator of depression
through interleukin-1beta. CNS Neurosci. Ther. 23, 907-916. doi: 10.1111/cns.
12760

Yeh, B. K., Igarashi, M., Eliseenkova, A. V., Plotnikov, A. N,, Sher, I, Ron, D.,
et al. (2003). Structural basis by which alternative splicing confers specificity in
fibroblast growth factor receptors. Proc. Natl. Acad. Sci. U.S.A. 100, 2266-2271.
doi: 10.1073/pnas.0436500100

Zhao, M., Li, D., Shimazu, K., Zhou, Y. X,, Lu, B., and Deng, C. X. (2007).
Fibroblast growth factor receptor-1 is required for long-term potentiation,
memory consolidation, and neurogenesis. Biol. Psychiatry 62, 381-390. doi:
10.1016/j.biopsych.2006.10.019

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Deng, Deng, Zhang and Tang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Pharmacology | www.frontiersin.org

February 2019 | Volume 10 | Article 60


https://doi.org/10.1371/journal.pone.0204980
https://doi.org/10.1371/journal.pone.0204980
https://doi.org/10.3389/fnmol.2011.00061
https://doi.org/10.1016/j.biopsych.2012.03.013
https://doi.org/10.1016/j.biopsych.2012.03.013
https://doi.org/10.1016/0169-328X(95)00009-H
https://doi.org/10.1007/s00702-010-0452-1
https://doi.org/10.2337/db11-0672
https://doi.org/10.1371/journal.pone.0065254
https://doi.org/10.3389/fncel.2018.00255
https://doi.org/10.3389/fncel.2018.00255
https://doi.org/10.1016/j.bbi.2017.05.013
https://doi.org/10.1016/j.bbi.2017.05.013
https://doi.org/10.1093/schbul/sbp033
https://doi.org/10.1093/schbul/sbp033
https://doi.org/10.1177/1073858412472399
https://doi.org/10.1016/j.neures.2007.10.010
https://doi.org/10.1016/j.neures.2007.10.010
https://doi.org/10.1016/S0006-8993(97)01340-1
https://doi.org/10.1016/S0006-8993(97)01340-1
https://doi.org/10.1016/j.biopsych.2006.02.026
https://doi.org/10.1016/j.biopsych.2006.02.026
https://doi.org/10.1016/j.neulet.2007.10.041
https://doi.org/10.1016/j.brainres.2008.05.088
https://doi.org/10.1073/pnas.1103732108
https://doi.org/10.1073/pnas.1103732108
https://doi.org/10.1016/j.neuron.2012.08.037
https://doi.org/10.1016/j.neuron.2012.08.037
https://doi.org/10.1016/j.cell.2004.06.025
https://doi.org/10.1007/s004410050952
https://doi.org/10.1007/s004410050952
https://doi.org/10.3389/fnmol.2018.00377
https://doi.org/10.3389/fnmol.2018.00377
https://doi.org/10.3109/15622975.2011.650203
https://doi.org/10.1016/j.bbr.2016.03.047
https://doi.org/10.1016/j.bbr.2016.03.047
https://doi.org/10.1097/MD.0000000000004563
https://doi.org/10.1097/MD.0000000000004563
https://doi.org/10.3390/ijms18122763
https://doi.org/10.3390/ijms18122763
https://doi.org/10.1111/cns.12760
https://doi.org/10.1111/cns.12760
https://doi.org/10.1073/pnas.0436500100
https://doi.org/10.1016/j.biopsych.2006.10.019
https://doi.org/10.1016/j.biopsych.2006.10.019
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Fibroblast Growth Factors in Depression
	Fibroblast Growth Factors and Fibroblast Growth Factor Receptors
	Fgf Receptors and Depression
	FGFR1
	FGFR2 and FGFR3

	Fgfs and Depression
	FGF2
	FGF9
	FGF21
	FGF22
	Other FGFs
	Studies on Genetic Variation in FGF Genes
	Role of FGFs in Depression
	FGFs in Other Mood Disorders

	Discussion
	Author Contributions
	Funding
	References


