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Abstract
Depression, plus the accompanying memory impairment, is one of the leading causes of disability worldwide. Thus, there is a
critical need to develop new drugs based on distinct strategies. FG-4592, an inhibitor of prolyl hydroxylase, activates the
hypoxia-inducible factor-1 (HIF-1) pathway, to produce multiple effects on cell properties. Here, we examined whether FG-
4592 has antidepressant effects, using a chronic unpredictable mild stress (CUMS) procedure to establish rodent depression
models. We found that FG-4592 not only reversed depressive behaviors but also improved CUMS-induced memory impairment.
Mechanistically, FG-4592 could play an important role in promoting hippocampal neurogenesis and synaptic plasticity. At the
molecular level, FG-4592 was found to activate HIF-1 and cAMP-responsive element-binding protein/brain-derived neurotroph-
ic factor signaling pathways in vivo, as well as promote the expression of postsynaptic density (PSD) proteins, PSD95 and
Homer1. An examination of primary hippocampal neurons showed that FG-4592 promoted dendritic growth. Taken together, our
results not only provide an experimental basis for the future application of FG-4592 in clinical treatment of depression but also
support the argument that the HIF-1 signaling pathway is a promising target for the treatment of depression.
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Introduction

Depression, a severe psychiatric disorder, represents a serious
and highly prevalent public health concern with huge impacts
on the quality of life of affected individuals [1]. Depression is
hypothesized to be a neuropsychiatric disease derived from
neuronal dysfunction, as demonstrated by numerous studies
reporting links between depression and dysfunction or struc-
tural changes within specific brain regions, for example, the

hippocampus [2, 3]. Currently, there is no effective drug to
treat depression, which exhibits a disturbingly complex path-
ogenesis [4, 5]. Despite considerable progress made towards
understanding the pathogenesis of depression, most antide-
pressants currently used in clinical practice have low efficacy
and likely causes serious side effects [6–8]. Therefore, there is
an urgent need to develop novel antidepressant strategies and
new effective drugs for the treatment of depression.

Recent evidence indicates that exposure to intermittent
hypoxia (IH) has beneficial effects on neurological disorders,
such as depression [9]. Specifically, IH can produce
antidepressant-like effects by promoting neurogenesis in the
adult hippocampus via brain-derived neurotrophic factor
(BDNF) signaling pathway activation [10]. Using the same
chronic unpredictable mild stress (CUMS) rat model
employed in this study, Kushwah et al. validated the neuro-
protective role of IH on depression, and identified an impor-
tant role for the BDNF pathway [11]. In addition, hypoxia-
inducible factor-1 (HIF-1), which is the major transcription
factor responding to hypoxia, may produce beneficial effects
on depression, as its target genes erythropoietin (EPO) and
vascular endothelial growth factor (VEGF) have been shown
to elicit antidepressant effects in animal models. Indeed,
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VEGF signaling plays an essential role in the antidepressant
action of the described drugs, and peripheral administration of
EPO was sufficient to produce a robust antidepressant-like
effect [12, 13]. Collectively, these results suggest that activa-
tion of HIF-1 signaling is a promising strategy to improve
depressive behaviors.

HIF-1 is a heterodimer consisting of α and β subunit, with
HIF-1α playing a regulatory role through its extreme sensitiv-
ity to changes in oxygen availability. Under normoxic condi-
tions, HIF-1α is hydroxylated by prolyl hydroxylases (PHDs)
and then targeted to undergo ubiquitin-proteasomal degrada-
tion [14]. Therefore, blocking of PHD enzymatic activity like-
ly results in activation of the HIF-1 pathway and subsequent
promotion of target gene expression, thereby producing a dra-
matic impact on cell processing. PHD inhibitors act as
hypoxia-mimicking agents, leading to a hypoxic environment
for cells and tissues. As a result, it is strongly suggested that
PHD inhibitors exhibit beneficial effects on depression.

FG-4592, also known as roxadustat, is an oral PHD inhib-
itor that is used for the treatment of anemia in patients with
chronic kidney disease (CKD) [15]. In the present study, FG-
4592 was found to reverse depression-like behaviors in
CUMS model rats and concurrently improve spatial memory
impairment. Additionally, FG-4592 was shown to promote
hippocampal neurogenesis and synaptic plasticity in vivo
and in vitro. These results clearly demonstrated that FG-
4592 is a promising therapeutic agent for depression.

Materials and Methods

Animals

Two-month-old male Sprague-Dawley (SD) rats, weighing
~ 250 g, were obtained from Beijing Vital River
Laboratory (Beijing, China). In addition, 2-month-old
male Thy1-YFP transgenic mice (C57BL/6 background),
weighing ~ 20 g, were included as described above [16].
All animals were housed in groups of four or five and
maintained under standard laboratory conditions (12/12-h
light/dark cycle, 22 ± 2 °C, ad libitum access to food and
water). All animal experimental procedures fully complied
with related laboratory animal regulations.

Ethics Statement

All experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Institute of Cognition and Brain Sciences (No. IACUC-
2017026) and performed in accordance with the guide-
lines. During treatment, behavioral testing and tissue col-
lection procedures were devised to minimize the potential
pain and distress of the animals used in this study. All of

the rats and mice were frequently monitored, at least three
times a week, for health status.

Drugs Administration

FG-4592 and fluoxetine were ordered from Selleck
Chemicals (Houston, TX). For FG-4592 administration,
200 mg of FG-4592 was dissolved in 2.857 mL of
dimethyl-sulfoxide (DMSO) as a stock solution, which
was subsequently diluted with 0.9% NaCl into working
concentrations for intraperitoneal injections. The final con-
centration of DMSO was less than 5% (v/v). Fluoxetine
was dissolved with 0.9% NaCl directly to its working con-
centration (10 mg/kg), and intraperitoneally injected for
2 weeks. For the proliferation assay, BrdU (B5002,
Sigma-Aldrich, St. Louis, MO) was dissolved to 10 mg/
mL in 0.9% NaCl for intraperitoneal injection into animals
at a dosage of 50 mg/kg body weight six times per day.

CUMS Procedure

Identical procedures were performed to establish the CUMS
depression model in rats and mice. The following stressors
were imposed for 5 weeks: food deprivation overnight, water
deprivation overnight, cage tilt (45°) for 24 h, overnight illu-
mination, sawdust bedding for 24 h, swimming at 4 °C for
5 min, physical restraint for 2 h, alterations of light/dark cycle,
tail pinch for 1 min, and noise stimulation for 2 h. Stressors
were randomly scheduled to produce an unexpected mild
stress effect. Control animals were left uninterrupted, except
for regular cage cleaning.

Sucrose Preference Test

Animals were first trained to consume 1% sucrose solution
from two different bottles for 24 h before conducting the for-
mal experiment. After deprivation for 22 h, each animal was
allowed free access to 1% sucrose and pure water from two
different bottles. To avoid bottle side preference, the two bot-
tles were switched after 1 h. Amounts in the two bottles were
measured after 2 h and sucrose preference was calculated ac-
cording to the following formula: sucrose preferences (%) =
sucrose water consumption / (sucrose + pure) water consump-
tion × 100%. Observers were blinded to the treatment and
group of tested animals.

Open-Field Test

Open-field test was performed in a quiet environment. Each
animal was placed in the center of the bottom of a box (open
field 60 cm length, 60 cmwidth, and 45 cm height). To ensure
that the test results were free from any previous residual effect,
the inner wall and bottom of the box were thoroughly cleaned
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before each test. The activity of each animal was monitored
for 5 min using an ANY-maze behavior analysis system
(Stoelting, Wood Dale, IL).

Tail Suspension Test

Animals were individually suspended by their tails from a bar
for 5 min. Immobility duration during the 5-min suspension
period was recorded. Observers were blinded to the treatment
and group of tested animals.

Forced Swimming Test

Animals were individually placed in a transparent glass
container 40 cm in depth, in which they were forced to
swim, because the bottom of the pool was beyond their
reach. Total immobility time was recorded during the 5-
min testing period. Time when the animal performed only
slight movements necessary to keep its head above water
was considered immobile time.

Morris Water Maze

The water maze used in this study comprised a circular tank
160 cm in diameter with a platform, filled with tap water at a
temperature of 23 ± 2 °C. Different shapes and colors were
posted along the curtains of the tank, which served as spatial
reference cues. A camera was mounted above the tank to
record swimming tracks in the water maze. During acquisition
trials lasting 5 days, the platform was submerged 2 cm below
the water surface, and rats were placed into the maze at one of
four quadrants facing the curtain of the tank. Rats were
allowed 90 s to search the platform. If rats failed to find the
platform, they were guided to and kept on the platform for
10 s. Four trials per day were conducted with a minimum
intermission of 1 h between trials. Escape latency, which is
indicative of spatial memory acquisition, was recorded for
each trial. On day 6, the platform was removed, a probe test
was conducted, and rats were put into the water at one quad-
rant (usually the farthest quadrant from the hidden platform).
Each rat was allowed to swim in the water for 90 s; during
which, the first time the rat found the platform location and
number of platform crossings was recorded.

Novel Object Recognition

The experimental device was 60 cm in length, 60 cm in width,
and 45 cm in height. The experiment was divided into three
stages: adaptation, familiarity, and testing. Identification of
objects A and B was performed for two different materials
and colors. In the adaptive phase, there was no object in the
recognition apparatus, and rats were given 10 min to adapt to
the environment. In the training phase, there were two

identical objects A in the recognition apparatus, and rats were
placed in a familiar location in the environment for 10 min. In
the testing phase, one object Awas replaced with object B in
the recognition apparatus, and the video tracing system re-
corded the time rats spent identifying object B. To evaluate
novel object recognition, recognition index (RI) was calculat-
ed using the formula RI =N – F / (N + F), in which N repre-
sents the total time the rat’s nose touched object B, and F
represents the total time of the rat’s nose touched object A.

Immunofluorescence

Animals were deeply anesthetized with intraperitoneal injec-
tion of 2% sodium pentobarbital, followed by perfusion with
100 mL of heparinzed 0.9% saline and 200 mL 4% parafor-
maldehyde (PFA). Brains were postfixed at 4 °C for 4–6 h in
4% PFA, followed by 15% sucrose for 24 h, and subsequent
dehydration in 30% sucrose at 4 °C for 48 h. After sucrose
saturation, brains were cut in the coronal plane into 40-μm
thick sections with a freezing microtome (model: E, Thermo,
Waltham, MA) and processed for immunofluorescence.

Immunostaining was performed in accordance with a pro-
cedure routinely performed in our laboratory. A mouse mono-
clonal anti-BrdU antibody (1:1000; Sigma-Aldrich), and
Alexa Fluor 488 goat anti-mouse secondary antibodies
(1:500; Invitrogen, Carlsbad, CA) were used in this study.

Western Blotting

Hippocampus and cultured hippocampal neurons were ho-
mogenized in lysis buffer (RIPA plus protease inhibitor cock-
tail) on ice for 30 min, and subsequently centrifuged at
12000×g for 10 min at 4 °C. The resulting supernatants were
collected as the whole cell lysates. Protein quantification was
determined by bicinchoninic acid assay. A total 50 μg of pro-
tein was resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and subsequently immunoblotted onto a
polyvinylidene difluoride membrane, which was then blocked
with 5% nonfat milk at room temperature for 1 h. After wash-
ing three times (5 min each) in Tris-buffered saline containing
Tween 20, the membrane was incubated with the indicated
primary antibodies at 4 °C with shaking overnight. TPrimary
antibodies were as follows: HIF-1α (1:2000, Novus
Biologicals, Centennial, CO), EPO (1:2000, Abcam,
Cambridge, UK), VEGF (1:2000, Abcam, Cambridge, UK),
PSD95 (1:5000, Cell Signaling Technology (CST), Danvers,
MA), Homer1 (1:2000, CST), BDNF (1:5000, CST), p-
CREB (1:2000, CST), and CREB (1:2000, CST). In addition,
a control mouse monoclonal β-actin primary antibody was
obtained from Sigma-Aldrich (1:10000, A5316).
Subsequently, the membrane was washed, as described above,
and incubated with secondary antibodies at room temperature
for 2 h. The membrane was then developed with an enhanced

Li et al.G.666



chemiluminescence detection system (Applygen, Beijing).
Quantification of protein band intensities was normalized to
β-actin. Statistical analysis was performed with PhotoShop
(Adobe, San Jose, CA) and Prism 6.0 software (GraphPad,
La Jolla, CA).

Quantitative RT-PCR

Total RNAwas extracted from the hippocampus of rat brains
using Trizol reagent (Invitrogen). First-stand cDNA of each
sample was synthesized using an MLV reverse transcription
kit (TAKARA, Kusatsu, Japan) according to the manufac-
turer’s instructions. cDNAwas used as a template for quanti-
tative real-time PCR using SYBRGreenMasterMix (Applied
Biosystems, Foster City, CA). Gene expressionwas calculated
relative to β-actin. Samples were assayed in triplicate. Primer
sequences were as follows: EPO 5′-CTTGCTACAGATTC
CTCTG-3′ and 5 ′-TGTTCTTCCACCTTCATTC-3′; VEGF
5 ′-GCAGTGCTCCCCATCCGCTG-3′ and 5 ′-TGCTCGTC
CGACAGCTGGGA-3′; β-actin 5 ′-GGCTGTATTCCCCT
CCATCG-3′ and 5 ′-CCAGTTGGTAACAATGCCATGT-3′.

Cell Culture and Treatments

Primary culture of hippocampal neurons was prepared from
24 h newborn SD rats. Hippocampi were dissected, incubated
for 30 min in trypsin/EDTA at 37 °C, and, subsequently, me-
chanically dissociated. Cells were plated at a density of 9 ×
104 cells/cm2 on poly-L-lysine-coated 24-well plates and
maintained in Neurobasal medium supplemented with 1%
B27 supplement and 1% penicillin/streptomycin. Cells were
incubated for 8 days at 37 °C and 5% CO2 and 99% humidity.
Hippocampal primary neurons were treated with 50 μM and
10μMFG-4592 for 72 h, starting from the second day in vitro.
Microtubule-associated protein 2 (MAP2) staining and
Western blotting were performed after cell collection.

Statistical Analysis

All data are displayed as mean ± standard error of the mean
(SEM). Statistical testing was conducted using GraphPad
Prism 6.0 software. One-way ANOVAwith Tukey’s multiple
comparisons tests was applied to analyze and compare contin-
uous variables of sucrose preference test (SPT), open-field test
(OFT), tail suspension test (TST), forced swimming test
(FST), Morris water maze (MWM), novel object recognition
(NOR), and Western blotting optical density calculations.
Data for body weight change was analyzed by two-way
ANOVA of repeated measurements with Tukey’s post hoc
tests. A p < 0.05 (two-tailed) was considered statistically sig-
nificant for all tests.

Results

Effects of Different Doses of FG-4592 on Rat Body
Weight

To investigate the potential effects of FG-4592 on CUMS-
induced depression, different dosages of FG-4592 were
administered to CUMS rats. According to previous reports
[17–19], three dosages of FG-4592 (5, 10, 20 mg/kg/day)
were selected. As shown in Fig. 1A, rats were subjected
to the CUMS procedure for 3 weeks, and thereafter intra-
peritoneally administered FG-4592 at a dosage of 5, 10,
or 20 mg/kg/day or fluoxetine (as a positive control) for
2 weeks. We first evaluated the changes in the body
weight of rats in different groups. Compared with the
control group rats, CUMS group rats experienced a per-
ceptibly slow increase in body weight. Administration of
FG-4592 or fluoxetine did not have an evident impact on
the body weight of CUMS rats. However, a high dosage
of FG-4592 (20 mg/kg/day) was found to have a signifi-
cant impact on body weight gain (Fig. 1B).

Different Dosages of FG-4592 Reversed
CUMS-Induced Depression-like Behaviors

To confirm the success of CUMS depression model repli-
cation and the effect of drug injection on depressive be-
haviors in model animals, rats were evaluated by SPT,
TST, FST, and OFT behavioral tests. As shown in
Fig. 2A, the sucrose preference of CUMS rats was signif-
icantly reduced compared with that of the control group.
However, this trend was reversed by FG-4592 or fluoxe-
tine treatment, which exhibited no significant dose-related
differences. In TST, CUMS rats were immobile for a lon-
ger time than control group rats, but this effect was re-
versed by FG-4592 or fluoxetine treatment. FG-4592 at
10 mg/kg produced the best effect (Fig. 2B). In FST, the
trend was similar to the results of TST, in that CUMS rats
were immobile for a longer period of time than controls,
and this was reversed by FG-4592 or fluoxetine treatment;
no obvious dose-dependent effect was detected for FG-
4592 (Fig. 2C). In OFT, CUMS rats exhibited significant-
ly decreased spontaneous activity compared with the con-
trol group rats, and showed recovery with FG-4592 or
fluoxetine treatment. We noticed that medium-dose FG-
4592 produced a more stable effect, consistent with the
antidepressant effect of fluoxetine (Fig. 2D–F). These re-
sults indicated that the CUMS depression model could be
successfully replicated, which means that FG-4592 could
effectively reverse CUMS-induced depression-like behav-
iors. Balancing the negative effect of high dose FG-4592
(20 mg/kg/day) on body weight with the stable improve-
ment observed with a medium dose (10 mg/kg/day) on
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depression-like behaviors, we decided to use a dose of
10 mg/kg/day for the following studies.

FG-4592 Improved CUMS-Induced Impairments
of Learning and Memory

Apart from the well-defined depressive symptoms, depres-
sion is conventionally complicated by cognitive deficits,
such as impairments in learning and spatial memory [20,
21]. In support of this argument, we examined changes in
learning and spatial memory by MWM and NOR tests. As
shown in Fig. 3A, during the 5 days of acquisition training,
average escape latency of CUMS rats was increased com-
pared with that of the control rats. However, FG-4592 or
fluoxetine treatment was found to significantly reduce the
time of escape latency under CUMS conditions. This result
suggests that FG-4592 effectively improved CUMS-
induced learning dysfunction. In the probe test, CUMS
resulted in obvious spatial memory impairments, as dem-
onstrated by fewer successful crossings and shorter latency
compared with the control group. However, all of these
parameters were reversed by FG-4592 or fluoxetine treat-
ment (Fig. 3B, C). These results reinforce the conclusion

that FG-4592 elicits an evident beneficial effect on CUMS-
induced memory impairment. Similarly, NOR results
showed that CUMS group rats had significantly shorter
novel object exploration times compared with the control
group; this discrepancy was nevertheless reversed by FG-
4592 or fluoxetine treatment (Fig. 3D). Collectively, these
results demonstrated that FG-4592 treatment produced a
favorable effect on CUMS-induced learning and memory
impairment in rats.

FG-4592 Rescued Decreased of Hippocampal
Neurogenesis and Synaptic Deficits Induced by CUMS

Previous studies found that depression is associated with
decreased neurogenesis [22]. To evaluate this effect, BrdU
was administered at the experimental endpoint to deter-
mine the influence of FG-4592 on survival of newborn
neurons in the hippocampus. As shown in Fig. 4A and
B, a modulate number of BrdU-positive cells were ob-
served in the control group. In contrast, a significant de-
crease in the number of BrdU-positive cells was observed
in CUMS rats. However, CUMS rats treated with FG-
4592 displayed a significant increase in the number of

Fig. 1 Experimental design and
effects of c on body weight. (A)
Schematic representation of the
experimental design. Animals
were adapted for 3 days before the
onset of chronic unpredictable
mild stress (CUMS) stress.
Subsequently, animals were
subjected to a 5-weeks CUMS
regimen followed by behavioral
tests. SPT: Sucrose preference
test, TST: Tail suspension test,
FST: Forced swimming test, OFT:
Open-field test, MWM: Morris
water maze, NOR: Novel object
recognition. (B) Effects of FG-
4592 on body weight. Animal
subjected to CUMS exhibited
reduced body weight compared
with the control group, whereas
FG-4592 had no effect on body
weight. CON = control group;
CUMS = CUMS group; FG-5/10/
20 = FG-4592 (5, 10, and
20 mg/kg) groups; C+FG =
CUMS+FG-4592 (5, 10, and
20 mg/kg) groups. All data are
expressed as mean ± SEM, n = 6,
*p < 0.05, **p < 0.01 versus
control (CON) group

Li et al.G.668



BrdU-positive cells, indicating that FG-4592 alleviated
the negative effect of CUMS on neurogenesis.

As FG-4592 is believed to improve the memory impairment
caused by CUMS, we examined its effect on synaptic plasticity,
an important neurochemical foundation of memory [23]. Thy1-
YFP transgenic mice, which express the fluorescent yellow
fluorescent protein (YFP) in neurons, were subjected to the
CUMS paradigm as performed in rats, including treatment with
or without 10 mg/kg/day FG-4592. The results of brain slice
examination showed that compared with the control rats, a
lower density of dendritic spines was present in hippocampal
CA1 pyramidal cells of the CUMS group rats. Interestingly,
FG-4592 treatment was found to obviously increase the density
of dendritic spines under CUMS conditions (Fig. 4C, D), indi-
cating that FG-4592 promoted synaptic plasticity.

FG-4592 Unregulated HIF-1α Signaling and Other
Proteins in CUMS Rat Hippocampus

To explore potential molecular mechanisms underlying the
beneficial effect of FG-4592, we first examined changes of
HIF-1 signaling in vivo. As shown in Fig. 5A and B, FG-
4592 not only increased protein levels of HIF-1α, VEGF,
and EPO in the hippocampus of CUMS rats, compared with
the control group, but also rescued decreased protein levels of
HIF-1α, VEGF, and EPO in CUMS model animals. qPCR
results showed that FG-4592 increased mRNA levels of
EPO and VEGF, and concurrently, reversed the reduction of
EPO and VEGF mRNA levels in the CUMS group (Fig. 5C,
D). These results provided fresh evidence of HIF-1 pathway
activation in the FG-4592-treated group.

Fig. 2 Effects of different doses
of FG-4592 on depression-like
behaviors in rats subjected to
chronic unpredictable mild stress
(CUMS). A-F, Effect of FG-4592
on depression-like behaviors in
CUMS rats. (A) Sucrose
preference test, (B) Tail
suspension test, (C) Forced
swimming test. (D) Entries into
the central area were recorded in
the open field test. (E) Total
distance in the central area was
recorded in the open field test, (F)
Time spent in the central area was
recorded in the open field test
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In addition, we detected changes in memory-related
CREB/BDNF signaling in the hippocampus of CUMS rats
[24]. Western blot results showed that protein levels of p-
CREB and BDNF (to a lesser extent) were decreased in the
CUMS group. However, this decrease was rescued in the FG-
4592+CUMS group (Fig. 5E, F), indicating that CREB/
BDNF signaling was likely involved in the beneficial effect
of FG-4592 on memory impairment. Interestingly, CUMS
caused reduced protein levels of PSD95 and Homer1, two
important synaptic density proteins, but this was also reversed
by FG-4592 treatment (Fig. 5G, H), indicating that PSD95
and Homer1 could be target proteins for the effect of FG-
4592 on synaptic plasticity.

FG-4592 Promoted Synaptic Growth in Primary
Hippocampal Neurons In vitro

IH can promote synaptic growth in vivo and in vitro [25].
Thus, we speculated that FG-4592 could promote synaptic
growth by activating the HIF-1 pathway. We isolated and
cultured hippocampal neurons from newborn rats (within
24 h) to ascertain whether FG-4592 promoted dendritic
growth in vitro. As shown in Fig. 6A–C, after FG-4592
treatment, the dendritic length of hippocampal neurons
was noticeably increased compared with control hippo-
campal neurons. However, no effect of FG-4592 on neu-
ron number was detected. In addition, FG-4592 dose-

dependently increased protein levels of HIF-1, and its tar-
get genes EPO and VEGF, as well as BDNF and PSD95
(Fig. 6D–G). These results arguably offer proof that FG-
4592 promotes synaptic growth both in vivo and in vitro
by up-regulating HIF-1α and its target genes.

Discussion

In this study, we aimed to determine if the PHD inhibitor
FG-4592 exhibits antidepressant properties in a CUMS rat
model. The results of the behavioral tests showed that FG-
4592 not only reversed depression-like behaviors but also
improved the memory impairment caused by CUMS. In
addition, FG-4592 was found to promote neurogenesis
and synaptic plasticity under CUMS conditions. At the
molecular level, FG-4592 activated the HIF-1 signaling
pathway, and increased expression of postsynaptic struc-
tural proteins PSD95 and Homer1 (Fig. 7). Apart from the
above findings, support ing evidence was found
concerning the instrumental role of FG-4592 in dendritic
growth through the HIF-1 pathway. We believe these find-
ings collectively demonstrate that FG-4592 is a promising
and effective agent for treatment of depression.

Building on findings from previous reports, we conducted
an investigation to establish if the HIF-1 pathway is a potential
target for treatment of depression. Previous studies found that

Fig. 3 Chronic unpredictable
mild stress (CUMS)–induced
memory impairment was reversed
by FG-4592. (A) Escape latency
to find the hidden platform across
four trials during the acquisition
training period of ten rats in each
group. (B, C) The mean number
of platform crossing and mean
latency in first-time passing the
location of the original platform,
respectively, during the probe test.
(D) Discrimination index of novel
object recognition was evaluated.
All data are expressed as mean
±SD, n = 10, *p < 0.05,
**p < 0.01 versus control (CON)
group; #p < 0.05, ##p < 0.01
versus CUMS group
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IH has neuroprotective role in CUMS rats, as markedly in-
creased HIF-1 pathway activation resulted in sustained ex-
pression of its target gene EPO and the neurotrophic factor
BDNF [10, 11]. Moreover, it was previously reported that
peripheral administration of EPO, a HIF-1 master target gene,
is sufficient to produce robust antidepressant-like effects as
evidenced by behavioral tests, and induces expression of neu-
rotrophic genes such as BDNF [12]. Recently, Deyama et al.
found that the antidepressant-like and neurotrophic actions of
BDNF require VEGF signaling, and there is a reciprocal in-
teraction between these two molecules [26]. These findings
suggest that HIF-1 pathway activation and increased BDNF
have important roles in mediating mild hypoxia-induced anti-
depressant effects. Given that FG-4592, an oral PHD inhibitor,
has already been approved for treatment of anemia with CKD
(including validation of its tolerance and safety), FG-4592 has
a good chance to also be a practicable therapeutic option for
the treatment of depressive disorders.

It is well established that neurogenesis persists in specific
regions of the adult brain in mammals [27]. Chronic exposure

or severe forms of stress (as mimicked in the CUMS model)
can induce long-lasting reductions in neurogenesis, in partic-
ular, within the hippocampus [28]. Indeed, hippocampal
neurogenesis is required for the behavioral effects of antide-
pressants [29]. Hence, stimulation of neurogenesis is regarded
as a promising strategy for identifying new antidepressant
targets. Consistent with previous reports [30], CUMS resulted
in reduced neurogenesis in our study, as evidenced by de-
creased of BrdU staining in the hippocampus. However, this
reduction was reversed by FG-4592, suggesting that FG-4592
plays an important role in neurogenesis. Given that VEGF can
stimulate neurogenesis in vitro and in vivo [31], and chronic
mild hypoxia can promote hippocampal neurogenesis through
the Notch1 pathway [32], we speculated that the induction of
neurogenesis by FG-4592 is probably attributable to its acti-
vating role in the HIF-1 pathway.

In addition to decreasing BDNF expression, which plays
critical roles in both neurogenesis and synaptic plasticity, FG-
4592 exerted a similar influence on expression of PSD95 and
Homer1, two synaptic structural proteins [33, 34], indicating

Fig. 4 FG-4592 promoted hippocampal neurogenesis and synaptic
plasticity in mice subjected to chronic unpredictable mild stress. (A)
Representative image of BrdU-positive (newborn) cells in the
subgranular zone-granule cell layer of the hippocampus in mice. (B)
Histograms showing the number of BrdU-positive cells as shown in
(A). Data are expressed as mean ± SEM, n = 3, *p < 0.05, **p < 0.01.

(C) Representative dendritic segments of CA1 pyramidal neurons (AO
= apical oblique dendrite) of Thyl-YFP mice, scale bar = 1 μm. (D)
Dendritic spine density expressed as the number of spines normalized
to 20 μm of dendritic length; data are expressed as mean ± SEM, n = 3,
*p < 0.05, **p < 0.01
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Fig. 5 FG-4592 activated hypoxia-inducible factor (HIF-1) and cAMP
response element-binding protein (CREB)/brain-derived neurotrophic factor
(BDNF) pathways, and increased expression of postsynaptic density proteins.
(A, B) Western blots showing expression of HIF-1α and downstream target
genes vascular endothelial growth factor (VEGF) and erythropoietin (EPO) in
the hippocampus. Histograms on the right show relative protein band density.
(C, D) Real-time qPCRwas used to assess mRNA levels of VEGF and EPO

in the hippocampus. (E, F)Western blots of cAMP-response element-binding
protein (CREB), phosphorylate CREB (p-CREB), and brain-derived
neurotrophic factor (BDNF) in the hippocampus. Histograms on the right
show relative protein band density. Western blots of postsynaptic density
protein 95 (PSD95) and Homer1 in the hippocampus were shown. The
right histograms showed the relative protein band density. All data are
expressed as mean ± SEM, n = 3, *p < 0.05, **p < 0.01
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that FG-4592 has probable synaptic protection benefits.
Notably, a report indicated that animals subjected to chronic

intermittent hypoxia (CIH) showed an improved rate of recov-
ery of synaptic transmission following re-oxygenation in both

Fig. 6 FG-4592 promoted dendritic growth of primary hippocampal
neurons in vitro. (A) Representative confocal images of hippocampal
neurons immunostained with anti-microtubule-associated protein 2
(MAP2) antibody reveal dendritic complexity. Scale bar = 50 μm. (B)
Quantification of total neuron numbers. (C) Quantification of total

dendritic length. (D–G) Western blot analysis of protein expression in
hippocampal neurons treated with or without FG-4592 (10 μM or
50 μM). Quantification of proteins levels is shown in (E) and (G),
respectively. All data are expressed as mean ± SEM, n = 3, *p < 0.05,
**p < 0.01 versus control (CON) group
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the CA1 and dentate gyrus. However, long-term potential
(LTP) induction in the CA1 region and dentate gyrus
responded differently to treatment with CIH or PHD inhibitor
DMOG. Therefore, the detailed effect of PHD inhibitors on
electrophysiology needs further investigation [35]. When lo-
calized in postsynaptic terminals, PSD95 has an important
role in postsynaptic function and plasticity [36, 37].
Reportedly, PSD95 binds and stabilizes N-methyl-D-aspar-
tate-type glutamate receptors in the post synapse, which is
necessary for induction of LTP [38]. Indeed, loss of PSD95
results in severe cognitive decline due to neuronal loss and
synaptic disruption [38]. Consistent with a previous report
indicating that CUMS caused a reduction in spine density of
hippocampal CA1 pyramidal neurons, which was accompa-
nied by a decrease in the level of PSD95 [39], decreased
PSD95 expression and impaired spine synaptic plasticity were
detected in our CUMS model. These results suggest that FG-
4592 may enhance synaptic plasticity by promoting BDNF,
PSD95, and Homer1 expression in neuronal cells of CUMS
model rats. Considering that FG-4592 promoted dendritic

growth in primary neurons, it may be involved in dendritic
outgrowth by regulating the preservation of synaptic proteins,
such as PSD95.

In summary, this study demonstrated that FG-4592 effec-
tively reverses depression-like behavior and memory impair-
ment by virtue of its facilitating role in neurogenesis and syn-
aptic plasticity. The observed beneficial effects are probably
attributable to activation of HIF-1 pathway and increased ex-
pression of memory-related proteins, such as BDNF, PSD95,
and Homer1. Moreover, previous authorization of FG-4592
for clinical application is expected to pave the way for its
therapeutic use in the treatment of depression.
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