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A B S T R A C T

Our understanding of the mechanisms underlying process in Alzheimer's disease (AD) is far from completion and
new therapeutic targets are urgently needed. Recently, the link between dementia and diabetes mellitus (DM)
prompted us to search for new therapeutic strategies from glucose metabolism regulators for neurodegeneration.
Previous studies have indicated that fibroblast growth factor 21 (FGF21), an attractive and potential therapeutic
treatment for DM, may exert diverse effects in the central nervous system. However, the specific biological
function and mechanisms of FGF21 on AD is still largely unknown. We report here a study in vivo and in vitro of
the neuroprotective effects of FGF21 on cell apoptosis, tau hyperphosphorylation and oxidative stress induced by
amyloid β-peptide 25–35. In the present study, the results also further provided evidence for molecular me-
chanisms by which FGF21 exerted its beneficial effects in neuron and suggested that the regulation of protein
phosphatase 2A / mitogen-activated protein kinases / hypoxia-inducible factor-1α pathway may play a key role
in mediating the neuroprotective effects of FGF21 against AD-like pathologies.

1. Introduction

Alzheimer's disease (AD), with the main clinical manifestations in-
cluding impaired cognitive function, decreased learning ability and
gradual decline in behavioral ability, is one of the most common neu-
rodegenerative diseases [1,2]. Since twentieth century, along with the
increasing aging of the world population, AD has become a more and
more serious threat to the health of the elderly [3,4]. AD has two no-
table pathological features including senile plaques caused by the ab-
normal deposition of amyloid β-peptide (Aβ) and neurofibrillary tan-
gles (NFTs) composed of hyperphosphorylated tau [1,2]. Aβ may
induce toxicity in the central nervous system, which eventually leads to
neuron death, and also the neurotoxicity results in tau protein hyper-
phosphorylation and subsequent aggregation and formation of NFTs,
which destroys the microtubule structure stability of neurons, damages
the transport function of axons, causes neuronal cell death, and results

in cognitive decline. However, the cellular and molecular mechanism
underlying AD is still largely unknown, and new therapeutic targets and
strategies are urgently needed.

Recently, numerous studies indicated a strong underlying link be-
tween dementia and diabetes mellitus (DM) which are two kinds of
diseases both with high prevalence in the elderly population [5–7] and
it prompted us to search for pharmacotherapy for AD based on en-
dogenous regulators of glucose metabolism [8–12]. We were interested
in this research area and in recent years focusing on glucose metabolism
regulators such as glucagon-like peptide −1 [5,8–11] which can be
beneficial to neurodegenerative diseases. Fibroblast growth factor 21
(FGF21), a member of the fibroblast growth factor family [13], is also
an attractive and potential therapeutic treatment for DM [14]. Previous
studies have shown that FGF21 receptors were also expressed in the
brain [15,16], and it has been already confirmed that FGF21 can pass
through the blood-brain barrier by simple diffusion [17]. Thus, FGF21
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can directly exert effects in the brain [16,18–21]. Lan et al. [18] found
that FGF21 can regulate body weight and glycemia via the nervous
system. Previous report [19] suggested that FGF21 induced sympathetic
nerve activity to brown adipose tissue via its actions on corticotropin-
releasing factor which is primarily localized in the paraventricular
nucleus. Owen et al. [20] demonstrated that FGF21 can act on the su-
prachiasmatic nucleus (SCN) in the hypothalamus and cause infertility
in female mice. Bookout et al. [21] showed that FGF21 can alter cir-
cadian behavior and metabolism by acting on the SCN of the hy-
pothalamus and the dorsal vagal complex of the hindbrain. Leng et al.
[22] demonstrated that the mood stabilizers lithium and valproic acid
may exert synergistic neuroprotective effects through FGF21, and
FGF21 can be a potential new therapeutic target for central nervous
system disorders. Recent studies also reported that FGF21 can protect
animal brain against the effects of high-fat diet [23] and D-galactose
[24]. However, our understanding of effects and mechanisms of FGF21
on AD is far from completion. In the present study, we studied the ef-
fects as well as the underlying mechanisms of FGF21 on cell apoptosis,
tau phosphorylation and oxidative stress induced by amyloid β-peptide
25-35 (Aβ25-35) in vitro and in vivo.

2. Materials and methods

2.1. Materials

RPMI 1640 medium and fetal bovine serum (FBS) were purchased
from Gibco Life Technologies (Grand Island, NY, USA). 3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) and
trypsin were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
MEK/ERK inhibitor PD98059 was purchased from MedChem Express
(Monmouth Junction, NJ, USA). Aβ25–35 was purchased from GL
Biochem (Shanghai) Ltd. (Shanghai, China). Aβ25–35 peptide was dis-
solved in distilled water at the concentration of 1mg/ml, filtered to
remove bacteria and incubated at 37 °C for 4 days to form aggregated
Aβ25–35 peptide as previously described by us [25]. Recombinant
human FGF21 was expressed and purified from Escherichia coli in our
laboratory.

2.2. Cell culture and treatments

SH-SY5Y cells were cultured in a medium consisting of RPMI 1640
medium supplemented with 10% FBS. Cells were grown in humidified
5% CO2/95% air at 37 °C. Cells were digested with 0.25% trypsin and
passaged every 2–3 days. The RPMI 1640 medium containing 1%
FBS was used for the experimental groups. Unless otherwise indicated,
Aβ25–35 (0.125 μM) was added 8 h before FGF21 (1 μM) and cells were
incubated in Aβ25-35 with or without FGF21 for 48 h. For experiment
using inhibitor, 1 μM PD98059 was added to SH-SY5Y cells 30min
before Aβ25–35.

2.3. Animals and treatments

Adult male Wistar rats (220–250 g) were purchased from
Comparative Medicine Centre of Yangzhou University (Yangzhou,
China). All rats were randomly divided into the following groups
(n=10 in each group): control, Aβ25–35, Aβ25–35+FGF21
(1mg·kg−1·d−1), Aβ25–35+FGF21 (2mg·kg−1·d−1) and
Aβ25–35+FGF21 (5mg·kg−1·d−1) groups. The animals were weighed
and anesthetized with an intraperitoneal injection of 10% chloral
chloral (300mg/kg). Then, the anesthetized rats were fixed on the
stereotaxic apparatus (RWD Life Science Co., Ltd., Shenzhen, China).
Small burr holes were drilled on two sides of the skull (1.0 mm posterior
to bregma and 1.5mm lateral to the midline) to allow in-
tracerebroventricular (icv) injection of Aβ25–35 (5 nmol / 10 μl) / saline
at the depth of 3.8 mm. The injection lasted 5min and the needle was
left in place for 3min after the injection. FGF21 was subcutaneously

injected with the dose of 1mg·kg−1·d−1, 2 mg·kg−1·d−1 or
5mg·kg−1·d−1 (twice-daily) from the second day after the surgery. The
control group and the Aβ25–35 group were treated with saline in the
same way. In this study, surgical and animal care procedures were
approved by the Institutional Animal Care and Use Committee of China
Pharmaceutical University and performed in compliance with the rules
in the Guide for the Care and Use of Laboratory Animals.

2.4. Morris water maze (MWM)

After 8 days of administration, MWM test was carried out. The ap-
paratus (ZS Dichuang, Beijing, China) was composed of a circular pool
(diameter, 150 cm; height, 60 cm) and an image acquisition system. In
the course of the experiment, moderate amount of ink was added into
the pool to make the water black and opaque, and the water tem-
perature was controlled between 24 and 26 °C. The round pool was
divided into four quadrants and the target platform (diameter, 12 cm;
height, 23 cm) was placed in the middle of one of the quadrants 1–2 cm
below the water surface. The pool was placed in a test room containing
various prominent visual cues so that rat could get a spatial reference
memory version of MWM. The rats received two consecutive training
trials daily for 5 days of the acquisition training session. The animals
were left in the tank facing the wall and allowed to swim freely to the
escape platform. If a rat did not find the platform within a period of
90 s, it was gently guided to and remained on the platform for 15 s. The
escape latency time and swimming speed were recorded. The probe test
was performed on the sixth day. In this test session, the platform was
removed from the pool and each rat was allowed to swim for 90 s in the
maze. The number of crossing place of the platform and the time spent
in the target quadrant were recorded.

2.5. Detection of apoptosis by TdT-mediated dUTP nick-end labeling
(TUNEL) assay

Neuronal apoptosis in hippocampus from the various experimental
groups was detected by TUNEL assay kit (Roche, Basel, Switzerland) in
the paraffin-embedded brain sections according to manufacturer's in-
structions. Briefly, paraffin-embedded sections (5 µm) were depar-
affinized and rehydrated. The sections were permeated with proteinase
K solution for 30min at room temperature, incubated with reaction
buffer containing terminal deoxynucleotidyl transferase in a humidified
chamber for 1 h at 37 °C, treated with peroxidase-conjugated antibody
for 30min and subsequently developed color in peroxidase substrate.
The nuclei were lightly counterstained with hematoxylin. To determine
the TUNEL-positive cells, the sections were observed using a light mi-
croscopy (Olympus, Tokyo, Japan).

2.6. Assessment of cell viability

Cell viability was measured by a modified MTT assay. Briefly, SH-
SY5Y cells were seeded on 96-well plates and incubated with Aβ25–35
(0.015625; 0.03125; 0.0625; 0.125; 0.25; 0.5; 1; 2; 4 μM), or Aβ25–35
(0.125 μM) in the absence / presence of FGF21 (0.0625; 0.125; 0.25;
0.5; 1; 2 μM) for 48 h, and then 500 μg/ml MTT (final concentration)
was added to each well and cells were incubated at 37 °C for 4 h. MTT
was removed, and 150 μl dimethyl sulfoxide was added to each well to
solubilize the formazan crystals formed by live cells. The absorbances at
570 nm and 630 nm (reference) were measured using a microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Detection of apoptosis by Annexin V-FITC/PI assay

Cell apoptosis were determined using Annexin V-FITC/PI assay kit
(Beyotime Institute of Biotechnology, Shanghai, China) according to
manufacturer's instructions. SH-SY5Y cells were seeded on 6-well
plates. After Aβ25–35 treatment with or without drug intervention, cells
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were digested and centrifuged (400 g, 5min) to remove the medium.
Cells were resuspended with 195 μl binding buffer, stained with 5 μl
Annexin V-FITC and 10 μl PI for 15min, and analysis by a flow cyto-
metry (BD Biosciences, Franklin Lakes, NJ, USA).

2.8. Western blot analysis

Protein levels in the extracts of SH-SY5Y cells or the hippocampal
tissues were analyzed using western blot as previously described [5]
with primary antibodies against Thr205-phosphorylated tau-, Tyr307-
phosphorylated protein phosphatase 2 A (PP2A)-, total PP2A (Santa

Fig. 1. The beneficial effect of FGF21 in learning and memory in AD rat models induced by icv-Aβ25–35. The MWM was conducted for testing the learning and
memory abilities of rats in different groups. n=10. The representative swim paths (A), the escape latency (B), and average swimming speed (C) in training trials; and
the representative swim paths (D), the number of crossing the place of the platform (E), and time spent in the target quadrant (F) in spatial probe test were shown. #

P < 0.05, ## P < 0.01 and ### P < 0.001 compared with the control group; * P < 0.05, * * P < 0.01 and * ** P < 0.001 compared with the Aβ25–35 group.
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Cruz Biotechnology, Santa Cruz, CA, USA) and Thr181-phosphorylated
tau-, total tau-, Thr202/Tyr204-phosphorylated extracellular signal-
regulated kinases 1/2 (ERK1/2)-, Thr180/Tyr182-phosphorylated p38
mitogen activated protein kinase (p38 MAPK)-, Thr183/Tyr185-phos-
phorylated c-Jun N-terminal kinase (JNK)-, β-actin-, total ERK1/2-,
total p38-, total JNK-, hypoxia-inducible factor-1α (HIF-1α)-, B-cell
lymphoma-2 (Bcl-2)-, Bcl2-associated X (Bax)-, cleaved caspase-3-

specific antibodies (Cell Signaling Technology, Beverly, MA, USA).
Immunoreactive bands were detected with the appropriate horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling Tech-
nology) and immunological complexes were visualized by enhanced
chemiluminescence reagents (Millipore, Billerica, MA, USA). Western
blot signals were analyzed by ImageJ software.

Fig. 2. The effects of FGF21 against neuron apoptosis and tau pathology in Aβ25–35-induced cell and rat models. (A) Effect of FGF21 against Aβ25–35-induced neuronal
apoptosis in rats’ hippocampus was evaluated by TUNEL assay. Magnified views of the boxed areas in the upper images (Scale bar, 200 µm) were shown in the lower
row of images (Scale bar, 50 µm). (B) The levels of Thr181-phosphorylated tau, Thr205-phosphorylated tau, total tau in rats’ hippocampus were measured by western
blotting. (C) Effect of Aβ25–35 on SH-SY5Y cell viability. (D) Neuroprotective effect of FGF21 against Aβ25–35-induced decline in SH-SY5Y cell viability. (E) Effect of
FGF21 against Aβ25–35-induced apoptosis of SH-SY5Y cells. (F) The levels of Thr181-phosphorylated tau, Thr205-phosphorylated tau, total tau in SH-SY5Y cells were
measured by western blotting. All experiments were repeated at least three times. # P < 0.05, ## P < 0.01 and ### P < 0.001 compared with the control group;
* P < 0.05, * * P < 0.01 and * ** P < 0.001 compared with the Aβ25–35 group.
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2.9. Immunohistochemistry

8-hydroxy-2’-deoxyguanosine (8-OHdG) in hippocampus from the
various experimental groups was detected by immunohistochemistry.
The rats were sacrificed and the brains were fixed in 4% paraf-
ormaldehyde solution for 24 h at 4 °C. Brain sections were cut at 5 µm
thickness and incubated with primary antibodies against 8-OHdG-spe-
cific antibody (Santa Cruz Biotechnology). The immunoreaction was
detected using the appropriate horseradish peroxidase-conjugated an-
tibody (Cell Signaling Technology) and immunological complexes were
visualized by diaminobenzidine tetrahydrochloride (Zymed, San
Francisco, CA, USA) and observed with a light microscope (Olympus).

2.10. Morphological detection of mitochondria with transmission electron
microscope

The morphological changes of mitochondria were analyzed using
transmission electron microscopy. SH-SY5Y cells were seeded on 6-well
plates. After Aβ25–35 treatment with or without drug intervention, cells
were harvested, fixed in 2.5% glutaraldehyde overnight and then
postfixed in 1% OsO4 at 4 °C for 2 h. Afterwards, cells were dehydrated
in graded acetone, and embedded in Epon. Ultrathin sections were cut,
stained with uranyl acetate followed by lead citrate and observed with a
transmission electron microscope (JEOL, Tokyo, Japan).

2.11. Measurement of intracellular reactive oxygen species (ROS)

Intracellular ROS were detected using ROS assay kit (Beyotime
Institute of Biotechnology) according to manufacturer's instructions.
Briefly, SH-SY5Y cells were incubated with 2′,7′-dichlorofluorescein
diacetate (10 μmol/L) at 37 °C for 20min. Subsequently, cells were
washed with PBS three times and observed with a flow cytometry (BD
Biosciences). The mean fluorescence intensity was analyzed by FlowJo
10 software.

2.12. Statistical analysis

The mean± standard error of the mean was determined for each
group (n≥ 3) in a given experiment. Comparison among groups was
performed using analysis of variance followed by Tukey's test. P va-
lues< 0.05 were considered significant.

3. Results

3.1. The beneficial effect of FGF21 in learning and memory in AD rat
models induced by icv-Aβ25–35

First in this study, MWM test was used to investigate spatial learning
and memory of rats. In the control group, the average escape latency in
searching for the target platform decreased with training. Icv injection
of 5 nmol Aβ25–35, however, resulted in longer latency, indicating a
significant decline in spatial learning and memory. Meanwhile, the
increased escape latency in the AD model rats was attenuated by FGF21
(Fig. 1A and B). The swimming speed among different groups did not
show any significant alteration during training period indicating no
motor disturbance in the treated animals (Fig. 1C). After five days of
training, the spatial probe test (Fig. 1D, E and F) was carried out on the
sixth day. The number of crossing the place of the platform (Fig. 1E)
and the time spent in the target quadrant (Fig. 1F) in the AD model
group were less than those in the control group, and FGF21 increased
the crossing number and the swimming time in the target quadrant.
These results suggested that FGF21 can improve Aβ25–35-induced cog-
nitive impairment.

3.2. FGF21 can protect neuron against apoptosis and tau pathology in
Aβ25–35-induced rat and cell models

In the present study, we evaluated the effects of FGF21 on neuron
apoptosis and tau pathology both in vivo and in vitro models. As the in
vivo data showed (Fig. 2A and B), Aβ25–35 induced neuronal apoptosis
in the model group; while FGF21 could prevent the apoptosis of hip-
pocampal neurons induced by Aβ25–35 (Fig. 2A). And as shown by the
results in Fig. 2B, FGF21 treatment reduced the levels of the phos-
phorylated tau at Thr181 and Thr205 induced by Aβ25–35 in rats’ hip-
pocampus (Fig. 2B). In the in vitro experiments, first we assessed the
effects of Aβ25–35 on cell viability in SH-SY5Y cells. Cells were treated
with Aβ25–35 (0.015625–4 μM) for 48 h, and cell viabilities were then
analyzed (Fig. 2C). The cell viabilities were reduced significantly by
Aβ25–35 in a dose-dependent manner (Fig. 2C). FGF21 (0.0625–2 μM)
were added after 8 h of injury by 0.125 μM Aβ25–35; and compared with
the Aβ25–35 group, FGF21 intervention can increase cell viabilities,
especially at high concentrations (1 μM and 2 μM) (Fig. 2D). Based on in
vitro cell model, we further confirmed that FGF21 can alleviate apop-
tosis induced by Aβ25–35 in vitro (Fig. 2E) and ameliorate tau pathology
in Aβ25–35-induced cell models (Fig. 2F).

3.3. Oxidative stress pathology induced by Aβ25–35 in cell and rat models
can be ameliorated via FGF21 treatment

Mitochondria are the primary targets for oxidative damage attacks,
and in this study, as shown in the results, Aβ25–35 caused abnormal
morphologies such as vacuolation of mitochondria in SH-SY5Y cells,
and the abnormalities were ameliorated by FGF21 treatment (Fig. 3A).
Then we detected the ROS in cells; and it was shown that the in-
tracellular ROS was significantly increased after Aβ25–35 treatment and
decreased by FGF21 treatment, indicating that FGF21 could reduce
Aβ25–35 induced up-regulation of intracellular ROS (Fig. 3B). Bcl-2, Bax
and cleaved caspase-3 are directly related to mitochondrial related cell
apoptosis. Thus we detected the expression levels of Bcl-2, Bax and
cleaved caspase-3 under different treatments in SH-SY5Y cells. It was
shown that the expression ratio of Bcl-2/Bax decreased and the ex-
pression level of cleaved caspase-3 increased in the Aβ25–35 group; and
FGF21 could rescue the abnormal expressions of these proteins
(Fig. 3C). Excessive ROS causes oxidative damage, and we further de-
tected the level of 8-OHdG, a sensitive marker of DNA oxidation in-
duced by ROS, in brain sections. We found that 8-OHdG was increased
under Aβ25–35 treatment, and FGF21 prevented the accumulation of 8-
OHdG (Fig. 3D). We also confirmed the changing of Bcl-2, Bax and
cleaved caspase-3 in the rat model in this study, and the abnormal
expressions of these proteins can be regulated by FGF21 treatment
(Fig. 3E). The in vivo and in vitro evidence showed that FGF21 was
proved to be protective factor against the oxidative damage caused by
Aβ25–35.

3.4. PP2A/mitogen-activated protein kinases (MAPKs)/HIF-1α pathway
was involved in the neuroprotective effect of FGF21

To investigate the molecular mechanisms of FGF21 mediated ame-
lioration of AD-like pathologies, we analyzed the phosphorylation of
PP2A, MAPKs and protein levels of HIF-1α in vivo (Fig. 4A) and in vitro
(Fig. 4B). The results showed that FGF21 normalized the phosphor-
ylation levels of PP2A, ERK1/2, p38 and JNK upregulated by Aβ25–35 in
vivo and in vitro. FGF21 also decreased the abnormal expression of HIF-
1α, which was induced by the treatment of Aβ25–35. Base on the results
of ERK1/2, p38 and JNK in this study, it seems that ERK1/2 may play a
key role in MAPKs mediated FGF21 effects. Thus we further focused on
ERK1/2 in the present study; and results of MEK/ERK inhibitor
(PD98059) experiments demonstrated that the amelioration effects of
FGF21 on both tau pathology (Fig. 4C) and oxidative stress pathology
(Fig. 4D) were at least partially mediated by ERK1/2.
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4. Discussion

AD is one of the most common neurodegenerative diseases [1],
however, our understanding for mechanism underlying development of
AD is far from completion and new therapeutic targets and strategies
are urgently needed. Based on the link between AD and diabetes
[5–7,26], we are interested in searching for pharmacotherapy for AD
from endogenous regulators of glucose metabolism including FGF21. It
has been already reported that FGF21's potential receptors were ex-
pressed in the central nervous system [15,16]. And also the property of
crossing the blood-brain barrier of FGF21 [17] makes that FGF21 seems
promising as a potential new therapeutic target for central nervous
system disorders. In addition, previous studies indicated that FGF-21
can ameliorate the brain injury induced by high-fat diet [23] and D-
galactose [24]. However, more direct evidence is still needed in order
to elucidate the protective effect of FGF21 against AD, and also further
studies are also needed to explore the related underlying mechanisms of
FGF21 effects on neuron.

Although our understanding of mechanisms underlying the pa-
thology of AD is still limited, the abnormal deposition of Aβ, hyper-
phosphorylated tau and oxidative stress are considered as key factors
for AD [27,28]. NFTs, which are filamentous inclusions in the hippo-
campus and the cerebral cortex and mainly composed of abnormally
hyperphosphorylated tau proteins, occur in AD and also some other
neurodegenerative disorders [29]. Although the phosphorylation of tau
is just a normal regulation pattern for the ability of tau to bind and
stabilize microtubules, the hyperphosphorylated tau may become toxic
for neuron [30]. As to mitochondrial oxidative damage, it is also closely

related to the pathogenesis of AD [31], and it is even considered as one
of the earliest manifestations of AD [32,33]. Studies have shown that
the excessive production of ROS will cause obvious biological damage
to mitochondria when oxidative stress occurs [34,35]. Meanwhile, the
impaired mitochondria will further promote the formation of oxygen
free radicals [36]. The two factors are mutually reinforcing and pro-
moting, which eventually lead to synaptic loss, apoptosis and memory
impairment. In this study, we demonstrated that FGF21 treatment
markedly reduced the cognitive impairments, neuron apoptosis, tau
hyperphosphorylation, mitochondrial morphologic abnormalities and
oxidative damage, and excessive ROS generation caused by Aβ25–35.
Furthermore, we also investigated the possible molecular mechanisms
mediating the protective effects of FGF21 against Aβ25–35-induced AD-
like pathologies.

Members of the MAPKs family, mainly including ERK1/2, JNK, and
p38, widely exist in mammalian cells and participate in many physio-
logical processes. The MAPKs/HIF-1α/mitochondrial oxidative damage
pathway may play key role in the neuron apoptosis [37], and abnormal
activation of MAPKs induced by Aβ has already been described
[25,37,38]. PP2A is one of the major phosphatases that negatively
regulate phosphorylation of MAPK [39,40]. Furthermore, PP2A activity
can be suppressed by Aβ [25,41]. These evidences indicated that PP2A/
MAPKs may play a critical role in the occurrence and development of
AD. On another aspect, numerous previous studies have already in-
dicated that abnormal PP2A is responsible for the hyperpho-
sphorylation of tau [25,41–44]. In APP/PS1 transgenic mice, Giraldo
et al. [45] reported that they have found an abnormal high level of p-
p38 MAPK in the hippocampus; and other studies showed that

Fig. 3. The neuroprotective effects of FGF21 against mitochondrial oxidative damage pathology in vivo and in vitro. (A) Effect of FGF21 on Aβ25–35-induced mor-
phologic changes of mitochondria in SH-SY5Y cells (Left column: scale bar, 5 µm; right column: scale bar, 2 µm). (B) Effect of FGF21 on Aβ25–35-induced excessive
production of ROS in SH-SY5Y cells. (C) Effects of Aβ25–35 and FGF21 on the expression levels of Bcl-2, Bax, cleaved caspase-3 in SH-SY5Y cells. (D) The levels of 8-
OHdG in rats’ hippocampus under different treatments (Upper column: scale bar, 200 µm; Lower column: scale bar, 50 µm). (E) Effects of Aβ25–35 and FGF21 on the
expression levels of Bcl-2, Bax, cleaved caspase-3 in rats’ hippocampus. All experiments were repeated at least three times. # P < 0.05, ## P < 0.01 and ###

P < 0.001 compared with the control group; * P < 0.05 and * * P < 0.01 compared with the Aβ25–35 group.
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regulation of MAPK and HIF-1α signaling pathways can alleviate AD-
related phenotypes in APP/PS1 mice [37]. Recently, McKenzie-Nickson
et al. [46] reported that PP2A was abnormal in APP/PS1 mice, and
targeting PP2A can rescue disease phenotype. With regard to human AD

brain, there is also evidence showing that MAPK activity was altered
[47]; and Liu et al. [48] have indicated that in human AD brain the tau
pathology is partially caused by a downregulation of PP2A activity. So
as to the molecular mechanism exploration in the present study, first we

Fig. 4. The role of PP2A/MAPKs/HIF-1α pathway in the neuroprotective effect of FGF21 against tau pathology and oxidative stress damage. The phosphorylation
and total levels of PP2A, ERK1/2, p38 and JNK, and the expression levels of HIF-1α in rats’ hippocampus (A) and in SH-SY5Y cells (B) were measured by western
blotting. The effects of inhibitor PD98059 on the phosphorylated-ERK1/2, total ERK1/2, Thr181-phosphorylated tau, Thr205-phosphorylated tau, total tau (C) and
ROS production (D) in different groups with or without Aβ25–35 /FGF21 were shown. All experiments were repeated at least three times. # P < 0.05, ## P < 0.01
and ### P < 0.001 compared with the control group; * P < 0.05, * * P < 0.01 and * ** P < 0.001 compared with the Aβ25–35 group.
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checked the PP2A phosphorylation levels in vivo and in vitro models.
Then we further investigated the PP2A/MAPKs/HIF-1α pathway, and
the results indicated that at least to a certain extent all the three clas-
sical pathways of MAPKs were involved in the neuroprotective effects
of FGF21. The MAPKs, including ERK1/2, JNK, and p38, are down-
stream molecules of FGF signaling, however, stress effect associated
with MAPK activation may make the situation more complicated be-
cause of the FGF / dual specificity phosphatase pathway-induced feed
back inhibition by dephosphorylating ERK [49]. Dollet et al. [50] found
that seipin knockdown cell-line showed activation of p38 MAPK and
FGF21 downregulated p-p38 MAPK levels. Base on in vivo and in vitro
experiments we can see that ERK1/2 activity variation was much more
significant than the other two in response to the Aβ25–35 and FGF21
treatments. So we focused on ERK1/2 in this study, and PD98059 was
used to inhibit the phosphorylation of ERK1/2. The inhibitor experi-
ment results suggested that the FGF21 exerted its neuron protective
effects at least partially through ERK1/2 pathway. However, me-
chanism underlying the occurrence and development of AD is compli-
cated by multi-pathway and multi-target involved, and the neuropro-
tective effects of FGF21 may also be exerted through multiple
pathways. As a metabolism regulator, the effects of FGF21 on glucose
homeostasis and insulin sensitivity have been shown in previous reports
[51,52]. Meanwhile, according to the view considering AD as "type 3
diabetes", brain energy metabolism may play key role in the develop-
ment of AD, and brain glucose metabolism and insulin sensitivity may
be closely related to Alzheimer-like pathologies [53–56]. With regard to
this one aspect, the potential action of FGF21 on brain glucose meta-
bolism may also be one of the underlying mechanisms of FGF21-
mediated neuroprotection.

These data confirmed that Aβ25–35 caused oxidative damage in ad-
dition to increasing cell apoptosis and tau phosphorylation levels in
rats’ hippocampus and SH-SY5Y cell, and strengthened the link between
oxidative stress and AD-like pathologies. More importantly, the results
in this study suggested that FGF21 protected against cognitive deficits
and oxidative stress. The data showed that FGF21 attenuated Aβ25–35-
induced AD-like pathologies and mitochondrial damage. We demon-
strated that FGF21 ameliorated abnormal neuronal apoptosis and tau
hyperphosphorylation induced by Aβ25–35 in vivo and in vitro. We also
found that ROS accumulation, mitochondrial morphologic abnormal-
ities and 8-OHdG accumulation were induced by Aβ25–35 in the AD
models, and meanwhile these can be prevented by FGF21 treatment.
Results in this study further provided potential molecular mechanisms
by which FGF21 exerted its protective effects in neuron and suggested
that regulation of PP2A/MAPKs/HIF-1α pathway was a potential target
mediated the beneficial effects of FGF21 for AD-like pathologies.
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