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Abstract

Seeking for effective drugs which are beneficial to facilitating axonal regrowth and
elongation after peripheral nerve injury (PNI) has gained extensive attention. Fibrob-
last growth factor 21 (FGF21) is a metabolic factor that regulates blood glucose and
lipid homeostasis. However, there is little concern for the potential protective effect
of FGF21 on nerve regeneration after PNI and revealing related molecular mecha-
nisms. Here, we firstly found that exogenous FGF21 administration remarkably pro-
moted functional and morphologic recovery in a rat model of sciatic crush injury,
manifesting as persistently improved motor and sensory function, enhanced axonal
remyelination and regrowth and accelerated Schwann cells (SCs) proliferation. Fur-
thermore, local FGF21 application attenuated the excessive activation of oxidative
stress, which was accompanied with the activation of nuclear factor erythroid-2-
related factor 2 (Nrf-2) transcription and extracellular regulated protein kinases
(ERK) phosphorylation. We detected FGF21 also suppressed autophagic cell death
in SCs. Additionally, treatment with the ERK inhibitor U0126 or autophagy inhibitor
3-MA partially abolishes anti-oxidant effect and reduces SCs death. Taken together,
these results indicated that the role of FGF21 in remyelination and nerve regenera-
tion after PNI was probably related to inhibit the excessive activation of ERK/Nrf-2
signalling-regulated oxidative stress and autophagy-induced cell death. Overall, our
work suggests that FGF21 administration may provide a new therapy for PNI.

KEYWORDS
autophagic cell death, fibroblast growth factor 21, oxidative stress, peripheral nerve injury,
remyelination

1 | INTRODUCTION

Peripheral nerve injury (PNI) is a common chronic disease in clinical

practice due to accidental trauma, surgery or inflammatory disorders.
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Moreover, such injuries affect more than 20 million people annually
in the United States alone.! Damage to the peripheral nerves may
result in motor and sensory dysfunction and irreversible tissue atro-
phy.22 Although the adult mammalian peripheral nervous system has
a considerable potential for spontaneous recovery, the complex and
chronic recovery process often leads to unsatisfactory repair results.*
At present, direct surgical repair, nerve grafting and nerve bridging
are still regarded as the golden standard therapeutic approaches for
peripheral nerve rehabilitation.> However, those surgical operations
have several disadvantages, including need for a second operation,
insufficient nerve donors and possible formation of neurofibroma
around the focal area.?* Therefore, seeking novel drug therapy to
overcome these shortcomings has become very essential.®”

Molecular therapy utilizing fibroblast growth factors (FGFs) to
promote peripheral nerve myelination and regrowth has been used
almost universally.2 FGFs are a family of cell signalling molecules
involved in comprehensive biological properties and participate in
regulating cell differentiation, proliferation and metabolism.?1° As
one member of those family, fibroblast growth factor 21 (FGF21)
exerts pleiotropic effects on modulating glucose, lipid and energy
homeostasis.*>*? It is mainly secreted by the liver, pancreas, kidney,
skeletal muscle and fat.'® Studies on obese rodents have demon-
strated that administration of recombinant FGF21 significantly
reduced hyperglycemia and hepatic triglyceride concentration,
improved energy expenditure and alleviated insulin resistance.**®
Apart from its metabolic regulation, recently, there is increasing evi-
dence indicating that FGF21 possesses protective effects on myocar-
dial ischaemia and neurotrauma.'®!” For example, Planavila et al.
have identified FGF21 protected the heart from ischaemia-reperfu-
sion via controlling oxidative stress signalling.*® FGF21 is also a key
mediator for glutamate-induced excitotoxicity and D-galactose-
induced ageing in the central nervous system (CNS).1%2° Further-
more, it is reported that circulating FGF21 levels increased the injury
lesion to promote remyelination after traumatic brain injury.?* How-
ever, little work has been done to explore FGF21 on nerve regenera-
tion after PNI and clarify its underlying mechanisms.

Oxidative stress is a highly disordered metabolic process that
generates the imbalance between oxides and antioxidants.?2 Periph-
eral nerves are susceptible to oxidative stress, and it has been
reported that reactive oxygen species (ROS) production showed a

significant increase after PNI.2%

Once the peripheral nerve suffered
damage, the lesion site and its distal stump are accompanied by
extensive ischaemic and inflammatory processes, resulting in a
redundant accumulation of ROS. At the same time, the levels of
endogenous antioxidants, including superoxide dismutase (SOD),
NADH dehydrogenase quinone 1 (NQO1) and Heme oxygenase-1
(HO-1), are not sufficient to maintain the requirement for resisting
oxidative damage in the trauma region, which finally result in cell

h.242% |n the antioxidant defensive system,

apoptosis and deat
Nuclear factor erythroid 2-related factor 2 (Nrf-2) as a pivotal tran-
scription factor for regulating oxidative stress, is able to translocate
into the nucleus after separating from Kelch-like ECH-associated

protein 1 (Keapl) in the cytoplasm to initiate transcription of

antioxidant genes including NQO1 and HO-1 to recover cellular nor-
mal physiological function.?”2® As one of upstream signal for regulat-
ing Nrf-2, extracellular-regulated protein kinase (ERK) is a serine—
threonine kinase that participates in the modulation of cell prolifera-
tion, differentiation and cytoskeletal dynamics.29 After PNI, ERK acti-
vates the downstream pathway of Nrf-2 to promote SC proliferation
and nerve repair.2®3 In addition, the ERK/Nrf-2 signalling pathway
ameliorates diabetic neuropathy induced-oxidative damage.3? Thus,
we speculate that ERK/Nrf-2- mediated antioxidative process may be
the potential molecular mechanism for regulating FGF21 neuropro-
tective property.

Autophagy is an intracellular catabolic progression that degrades
the certain amounts of waste proteins or damage organelles in dou-
ble-membraned vesicles to maintain metabolize homeostasis. During
the last decade, autophagy has been found to be strongly connected
with nervous system disease.>® Generally, moderate autophagy is
regarded as the neuroprotective effect. However, an excessive level
of autophagy may lead to nonapoptotic cell death, which is known

h.34 Various studies have been shown that

as autophagic cell deatl
abnormal autophagy activation aggravated neurotraumatic disease
such as ischaemia stroke, traumatic brain injury (TBI) and acute
spinal cord injury.2>” Using autophagic inhibitor 3-methyladenine
(3-MA) or knockout autophagy-related gene could decrease those
neurotrauma-induced cell death.®® Shi et al have reported that miR-
195 increased inflammation-induced neuropathic pain by controlling
microglial autophagy activation following PNI.®’ However, whether
the effect of FGF21 on regulating neuroprotection is associated with
suppressing autophagic cell death remains to be elucidated.

In this study, we systematically evaluated the role of FGF21 in
axonal regeneration and remyelination and revealed its molecular
mechanism following clip compression induced PNI. Our results
found that exogenous administration of FGF21 enhanced the speed
and extent of functional recovery, promoted nerve regrowth and
remyelination, and facilitated SC proliferation. Moreover, this neuro-
protective effect of FGF21 was related to the inhibition of excessive
oxidative stress activation and autophagic cell death. The former
response was probably regulated by the ERK/Nrf-2 signalling path-
way. Our findings shed light on an effective and feasible clinical use
of FGF21 for PNI repairing.

2 | MATERIALS AND METHODS

2.1 | PNI model and drug administration

Adult male Sprague-Dawley rats (200-250 g) were obtained from the
Animal Center of the Chinese Academy of Science (Shanghai, China).
The living conditions and experimental procedures conformed to the
National Institutes of Health (NIH) Guide Concerning the Care and Use
of Laboratory Animals. All animal experiments described were approved
by the Animal Experimentation Ethics Committee of Wenzhou Medical
University, Wenzhou, China. Five rats per cage were housed under
controlled environmental conditions with regard to temperature
(23 + 2°C), humidity (35%-60%), and a 12:12 h light—dark cycle.
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The PNI model was described previously.*® Briefly, after anaes-
thetizing by 10% chloral hydrate (3.5 mL/kg), all the rats were fixed
on the operating table in a prone position. A 1 cm incision was made
in the middle of the thigh to expose the right sciatic nerve. The sci-
atic nerve was then clamped with two vascular clips (30 g force for
2 minutes, Oscar, China) to form moderate crushing injury. One vas-
cular clip was placed at the distance 7 mm proximal to the sciatic
nerve trifurcation. Two vascular clips were clipped approximately at
2 mm intervals. Thereafter, the wound was immediately closed with
nondegradable sutures. All rats were then randomly divided into two
crushed groups: PNI and FGF21, n = 10 for each group. As for the
sham group, they received the same surgical procedure without con-
tusing the sciatic nerve. As for FGF21 group, they received 100 pL
of 500 pg/mL FGF21 (FGF21 powder was dissolved in PBS. It was
produced from the School of Pharmacy, Wenzhou Medical College,
Wenzhou, China) via intramuscular injections once daily for seven
consecutive days after injury. Both the sham and PNI groups were
administrated the same volume of saline. Twenty-eight days later, all
animals were killed, and the right sciatic nerves were collected to
assess the pathology index.

2.2 | Walking track analysis

To evaluate motor function recovery, walking track analysis was
performed on all the rats at 1, 2, 3, and 4 weeks postsurgery as
previously described.*® The trained rats walked through a confined
glass box (90 cm x 15 cm x 20 cm) which placed a white paper
(90 cm x 18 cm) on the bottom. The walking paw prints were
recorded to calculate the sciatic functional index (SFI, proposed by
Bain %Y). The experimental process was repeated three times by the
same investigator who never participated in the behavioural

experiments.

2.3 | Von Frey hair test

Before performing the Von Frey hair test, all experimental rats were
habituated in a glass cubicle for at least 1 hour. The bottom of the
cubicle was made of wire mesh with a drilled surface. Each drill hole
was 5 x 5 mm?, and the hole spacing was 1 mm. To assess the tac-
tile threshold, the Von Frey filaments (NC12775; North Coast Medi-
cal Inc, CA, USA), with increasing irritation starting at 2 g, were
placed perpendicular to the planta pedis and pressed until a percep-
tible bend of approximately 90° was observed for 6-8 seconds.
Forces that induce dodge reactions including paw withdrawal,
delayed fall, jitter, licking reaction or rats’ avoidance were recorded
to calculate withdrawal thresholds. The experimental process was
repeated three times with an interval of 15 minutes by the same
investigator who was blinded to the group design.

2.4 | Morphological and histological analysis

The collected sciatic nerves containing the area of crush injury site

were cut into two parts. One segment (about 1 cm) was fixed in cold
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4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS, pH
7.4) overnight. After being embedded in paraffin, longitudinal or
transverse sections (5 pm thick) were sliced for haematoxylin/eosin
(HE) staining according to the manufacturer's instruction. Images
were photographed under a light microscope. Another 2 mm seg-
ment was immersion fixed and processed by standard procedures.*?
Sequentially sectioned slides were examined and photographed
under a transmission electron microscope (TEM, H-600, HITACHI,
Japan). Image-Pro Plus software was used to measure myelin thick-
ness (MT) and axonal diameter (AD). Fibre diameter (FD) was calcu-
lated according to the formula: 2 x MT + AD. Finally, an optimal
structural indicator including axonal myelination, the G-ratio (AD/FD),

was calculated.

2.5 | Cell culture and treatment

The rat Schwann cell line, RSC96, was obtained from ScienCell
Research Laboratories. Cells were maintained in Dulbecco's modi-
fied Eagle Medium (DMEM) containing 10% foetal bovine serum
(FBS) (Thermo Fisher Scientific) and incubated in a humidified
atmosphere containing 5% CO, at 37 °C. After two passages, cells
were passaged into a 96-well plate at a density of 5000 cells/well
to perform the Cell Counting Kit-8 (CCK-8) experiments. For pro-
tein extraction and ROS estimation, cells were seeded on 6-well
plates at an initial density of 2 x 10° cellssmL. For determining
the effect of FGF21, RSC96 cells were divided into three groups:
(a) the control group, (b) H,O,-treated group, and (c) H,O, +
FGF21-treated group. Control group was grown in normal DMEM.
H,0,-stimulating group were cultured in DMEM with 100 pmol
L= H,0, for 4 hours. In the H,O, + FGF21 treated group, vari-
ous concentrations (10, 250 and 1000 ng/mL) of FGF21 was
added 2 hours prior to the addition of H,O,. To further evaluate
the effect of ERK/Nrf-2 on oxidative injury or abnormal autophagy
on cell death, SCs were pretreated with ERK inhibitor U0126
(20 pmol L%, HY-12031) before FGF21 treatment or 3-methylade-
nine (3-MA, 2.5 mmol L™, M129496) before H,O, treatment for
2 hours.

2.6 | Cell viability assay

The CCK-8 (Beyotime Institute of Biotechnology, PR China) method
was used to evaluate cell survival. 10 pL of the CCK-8 solution was
added to each well and then incubated for 2 hours at 37°C. The
absorbance values were measured by spectrophotometry at 450 nm
with a microplate reader (Thermo Fisher Scientific, Waltham, MA,
USA). The cell viability (%) was calculated using the following
formula:

The cell V|ab|l|ty(%) = (Aexamination - Ablank)/(Acontrol - Ablank) X 100%7

where Acxamination and Acontrol represented the measuring optical
density (OD) for drug treating samples and for controlling cells,
respectively. Apan Was the OD value of wells without cells. The

assays were repeated three times.
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2.7 | Determination of intracellular ROS generation

Intracellular ROS levers were detected using the Reactive Oxygen
Species Assay Kit (50033, Beyotime, China) according to the manu-
facturer's instructions. Briefly, after adding H,O, with/without
FGF21, an appropriate volume of diluted 2’, 7'-dichlorodihydrofluor-
escein diacetate (DCFH-DA) was added in the dusk of the room and
incubated at 37°C for 20 minutes in the incubator. Thereafter, cells
were removed from the flow tube. The fluorescence intensity of 2,
7’-dichlorofluorescein (DCF) was detected by FACScan flow cytome-
try (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). For
each sample, 10 000 cells were collected.

2.8 | Immunofluorescence staining

The immunofluorescent process of tissue or cells was done as previ-
ously described.***® The detailed information of primary and sec-
ondary antibodies was shown as following: NF-200 (1:10000,
Abcam, ab4680), MBP (1:200, Abcam, ab40390), HO-1 (1:100, Santa
Cruz, sc-1797), NQO1 (1:1000, Abcam, ab34173), S100 (1:200,
Abcam, ab4066), Nrf-2 (1:500, Abcam, ab62352), Alexa-Fluor 488
donkey anti- rabbit IgG (1:1000, Abcam, ab150073), and Alexa-Fluor
594 donkey anti-mouse IgG (1:1000, Abcam, ab150108). Nuclei
were labelled with 4'6-Diamidino-2-phenylindole-dihydrochloride
(DAPI, C1006; Beyotime Institute of Biotechnology, Shanghai,
China). All fluorescence images were obtained under the Nikon
ECLIPSE 80i (Nikon, Tokyo, Japan).

2.9 | Western blotting analysis

Total proteins were extracted using RIPA buffer containing protease
and phosphatase inhibitors for the surgical sciatic nerves or RSC96
cells. The protein concentration was quantitatively analysed, using a
BCA protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA).
Samples containing 80 pg total protein were separated from 10% or
12% SDS-polyacrylamide gels and transferred into the nitrocellulose
membrane PVDF (Bio-Rad, Hercules, CA, USA). After blocking with
5% nonfat milk, the membranes were incubated with the following
primary antibodies: GFAP (1:10000; Abcam, ab10062), S100 (1:200,
Abcam, ab4066), MBP (1:1000; Abcam, ab40390), ERK (1:100; Santa
Cruz, sc-14), p-ERK (1:1000; Cell Signaling Technology, 4370S), Nrf-2
(1:1000; Abcam, ab62352), HO-1 (1:100; Santa Cruz, sc-1797),
NQO1 (1:1000; Abcam, ab34173), Bcl-2 (1:1000; Abcam, ab59348),
BAX (1:1000; Cell Signaling Technology, 14796S), Actived-caspase3
(1:1000; Abcam, ab2302), Beclin-1 (1:2000; Abcam, B6186), Atg-5
(1:1000; Cell Signaling Technology, A074), and LC3 (1:50; Novus,
NB100-2220) overnight at 4°C. Then, the membranes were washed
with TBST three times and incubated with horseradish peroxidase-
conjugated secondary antibodies (1: 10000) for 1 hour. GAPDH
(1:10000; MultiSciences, 70-Mab5465-100) was used as an internal
control. Signals were visualized and band density was quantified,
using a ChemiDocXRS + imaging system (Bio-Rad Laboratories, Her-
cules, CA, USA). The above experiment was repeated three times.

2.10 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 5.0 (Graph-
Pad Software Inc., La Jolla, CA, USA). The results are plotted as the
means + SEM. One-way ANOVA followed by Tukey's test was used
for walking track analysis, von Frey hairs test, immunoblotting and
immunofluorescent evaluation. For all comparisons, statistical

significance was defined as P < 0.05.

3 | RESULT

3.1 | FGF21 promotes motor and sensory
functional recovery after PNI

To evaluate whether exogenous FGF21 administration could have a
therapeutic role on the PNI model, we persistently injected 50 pg
FGF21 solution into the right injured hind limb for 1 week. The loco-
motor and sensory recovery throughout the 4-week period was evalu-
ated, using the walking track analysis and the von Frey test. The SFI
progressively improved with time but detected no differences across
the two crushed groups before week 2. At 3 weeks after treatment,
the SFI value of the FGF21 group was superior to PNI group, but infe-
rior to the sham group. This different became even more remarkable
at week 4 (Figure 1A, C, #p < 0.01). The plantar views of the hind
paws spreading was also showed the same trend (Figure 1B).

We next measured the mechanical allodynia of the right hind
limb in these three experimental groups at 1-4 weeks using the Von
Frey test. The results demonstrated that FGF21-treated rats had a
high mechanical sensitivity than the PNI group in the first 2 weeks
after injury. In contrast, the withdrawal threshold in the FGF21
group was significantly reversed at 3 and 4 weeks postinjury
(Figure 1D, #P < 0.05), suggesting that the FGF21 treating rats could
avoid to provoke hyperpathia at the later stage of nerve recovery.
Overall, these observations suggest that exogenous administration of
FGF21 is beneficial to improving the recovery of both motor and
sensory function after crush injury.

3.2 | FGF21 enhances myelinated fibres
regeneration after PNI

After the sciatic nerve injury, axon regeneration is the pivotal step for
nerve restore*** To evaluate the histologic changes of the injured
nerve fibres, H&E staining was performed on longitudinal and trans-
verse sections in all groups after 4 weeks restoration. The results
showed that the regenerated nerves in the FGF21 group had denser
newborn nerve fibres with compact and uniform style (Figure 2A). Nev-
ertheless, the regenerated nerve fibres in the PNI group were smaller
and irregular compared to the FGF21 group. To further confirm the
effect of FGF21 on myelinated nerve regeneration, we performed co-
immunofluorescent staining of NF-200 (a heavy subunit of neurofila-
ments marking for both large and small axons) and MBP (myelin basic
protein, tracking for myelination) on longitudinal sections. The results

are shown in Figure 2b, the density of myelinated nerve fibres and
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FIGURE 1 FGF21 promotes locomotor and sensory recovery after PNI. A, Pictures of the rat walking track prints in each group at 4 weeks
after sciatic nerve crush. B, Representative photographs of rat hindlimb at 4 weeks recovery following drug treatment. C, Sciatic function index
(SF1) analysis in each group at 1, 2, 3 and 4 weeks. D, Withdrawal threshold measured by von Frey hairs test at indicated time points.

#p < 0.05, #P < 0.01 and *#P < 0.001 versus the PNI group. All these data were represented as the means = SEM, n = 10

axons in the FGF21 group was significantly higher than those in the PNI
group. Moreover, statistical analysis of NF-200 and MBP expression
also showed the similar trend (Figure 2C,D, #p < 0.05). All these analy-
ses suggest that FGF21 administration contributes in the accelerating
the regeneration of myelinated nerve fibres.

3.3 | FGF21 promotes remyelination and SCs
proliferation after PNI

Schwann cells (SCs), the myelin-ensheathing cell of the peripheral
nervous system, are essential for forming myelin the sheath and

maintaining myelin thickness.***” To explore whether the effect of
FGF21 on remyelination after PNI was associated with SCs prolifera-
tion, we firstly observed the histological changes of the regenerated
myelin sheath in each group through transmission electron micro-
scopy (TEM). As shown in Figure 3A, the PNI group exhibited
decreased thickness and scattered density of myelin sheaths. Never-
theless, these abnormalities were obviously ameliorated after FGF21
treatment. Meanwhile, the statistical analysis of both myelin thick-
ness and G-ratio in the FGF21 group was remarkably greater than
those in the PNI group (Figure 3B,C, P < 0.05). We next examined
the SCs proliferation via western blotting. Glial fibrillary acid protein
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FIGURE 2 FGF21 promotes myelinated nerve fibers regeneration. A, H&E staining of sciatic nerve. Light micrographs of transverse or longitudinal
sections in each group. Scale bar: 40 pm. B, Representative images exhibiting double-immunofluorescent staining of NF-200 (green) and MBP (red) of
longitudinal sections from the tissue at 28 days after PNI (Scale bar = 50 pm). C and D, Statistical analysis of the NF-200 and MBP positive staining
areas in each group. **P < 0.01 vs the sham group, *P < 0.05 and #P < 0.01 vs the PNI group. All these data represent the means + SEM, n = 3

(GFAP) is a marker of dedifferentiated or proliferative SCs.*® 5-100
as well as MBP are major extrinsic membrane proteins secreted by
SCs.*? They are the main composition in mature and functional SCs.
The results showed that there was an increased GFAP positive
expression after nerve injury, while stronger in the FGF21 group.
The S-100 and MBP production were significantly reduced in the
PNI group. However, these circumstances were significantly reversed
after localized FGF21 treatment (Figure 3D-G, *P < 0.05). Taken
together, all of those results suggest that FGF21 can facilitate the
proliferation of SCs after PNI, which is beneficial to remyelination.

34 | FGF21 exerts antioxidative effect in SCs after
PNI through activating ERK/Nrf-2 signalling

As previously described, activation of oxidative stress may cause
detrimental effects on the process of remyelination after PNI.22°°
To determine whether FGF21 protects injured nerves from damaged
by increasing the antioxidant response, the protein expressing levels
of NQO1 and HO-1 were detected through western blotting. The
results showed that the lever of NQO1 and HO-1 were slightly

increased after PNl when compared with the control group.
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FIGURE 3 FGF21 promotes sciatic nerve remyelination and SCs proliferation after PNI. A, Representative electron micrographs of sciatic
nerve transverse sections from each group. B and C, Statistical analysis of the thickness of myelin sheaths and G-ratio using the Image-Pro

Plus software. D-G, Representative western blotting and data analysis of GFAP, S100 and MBP in all groups. *P < 0.05, **P < 0.01 and
**P < 0.001 vs the sham group, P < 0.05 and *P < 0.01 vs the PNI group. All these data represent the means + SEM, n = 3

However, this trend was evidently up-regulation after administration
of FGF21 (Figure 4A-C, *P < 0.01). Consistent with the results of
western blotting analysis, co-immunofluorescence staining of HO-1
and S-100 showed that FGF21 enhanced HO-1 expression and
reversed the decrease of S-100 after nerve injury. Notably, HO-1
was nearly co-localized with S-100 in all groups, demonstrating
FGF21 enhanced the antioxidative capacity is occurred in SCs
(Figure 4D-F, #P < 0.05).

It is noteworthy that ERK-suppressing excessive oxidative stress
is regulated through Nrf-2.°! To further determine whether FGF21
protected the injured nerves from oxidative damage was through
ERK/Nrf-2 signalling pathway, the levers of Nrf-2, p-ERK and ERK
were measured by western blotting. The results showed the Nrf-2
expression and the ratio of p-ERK/ERK were increased following PNI
and their levels were further enhanced after treating FGF21
(Figure 4G-l, #*P < 0.05). Thus, we propose that FGF21-exerting
antioxidant effect is involved in the ERK/Nrf-2 signalling pathway.

3.5 | FGF21 suppresses autophagy-induced cell
death after PNI

Excessive or prolonged autophagy may lead to neuronal cell death.>?
To demonstrate FGF21 facilitating injured nerve regeneration is also
related to attenuate autophagic cell death, we firstly detected the

alteration of autophagic biomarkers including Atg-5, Beclin-1 and

LC3 I/ll in each group via western blotting. The results revealed PNI
significantly increased the expression of those autophagy related
proteins, while FGF21 treatment remarkably decreased this trend
(Figure 5A-D, #P < 0.05). Next, we further determine whether
FGF21 treatment is helpful to cell survival. Cell death-associated
proteins, including Bcl-2 and Bax, were measured by western blot-
ting. The results showed that inhibiting excessive activation of
autophagy by FGF21 treatment significantly decreased the level of
pro-apoptotic protein Bax and increased the level of anti-apoptotic
protein Bcl-2 when compared to PNI group (Figure 5E-G, *P < 0.05).
Statistical analysis also exhibited the ratio of Bax/Bcl-2 was markedly
reduced in FGF21 group when compared to the PNI group
(Figure 5H, #P < 0.05). These results suggest that FGF21 plays a cru-
cial role on cell survival by inhibiting excessive autophagy activation.

3.6 | FGF21 up-regulates antioxidative ability to
improve SCs survival via ERK/Nrf-2 signalling in vitro

To investigate the effect of FGF21 on SCs survival, RSC 96 cells, a
specialized cloned cell line of SCs, were exposed to H,O, (100 pmol
L™Y) for 4 hours to imitate the condition of oxidative damage in PNI
in vitro. Meanwhile, those SCs were pretreated with different
concentrations of FGF21. As shown in CCK-8 analysis (Figure 6A),
we observed a large number of cell death after H,O, stimulation.

Pretreatment with FGF21 evidently reversed this circumstance. In
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addition, FGF21 of 250 ng/mL was regarded as the optimum con- To determine whether FGF21 decreases the level of intracellular
centration for improving cell viability. Thus, this concentration of ROS following H,O, stimulation in vitro, a special probe for hydrogen
FGF21 was selected for the following experiments. peroxide, 2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA) was
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added to the cultured cell for analysis of the ROS intensity accumula-
tion by flow cytometer. The results showed that a marked increase of
ROS was produced in the H,O, group. Nevertheless, pretreated with
FGF21 significantly decreased this superlative production of ROS (Fig-
ure 6B,C, #P < 0.01). These analyses indicate that FGF21 has a
remarkable effect on resisting ROS overgeneration.

Following, the antioxidant level in all groups was detected by dou-
ble-immunofluorescence staining of Nrf-2 and HO-1. The result
revealed that H,O, group enhanced the fluorescence intensity of Nrf-
2 in nuclei and HO-1 in cytoplasm, when compared with control group,
those fluorescence intensities were remarkly higher in the FGF21
group (Figure 6D). To further clarify the underlying antioxidant mecha-
nism of FGF21, we hypothesized ERK/Nrf-2 signalling as the mainly
upstream regulator. To test this hypothesis, we used the U0126 to
treat SCs with FGF21. Similarly, the ratio of p-ERK/ERK and the levers
of Nrf-2, NOQ1 and HO-1 expression were slightly upregulation in the
H,0, group, while this trend was significantly increased when pre-
treating with FGF21. However, this notably increased levels of p-ERK,
Nrf-2, NOQ1 and HO-1 by FGF21 treatment, which were reversed by
adding ERK inhibitor U0126 (Figure 6E-I, #p < 0.05). Furthermore,
FGF21+ U0126 combination evidently enhanced the expression of
Activated-caspase3 (Figure 6J). Taken together, these results suggest
that the neuroprotective of FGF21 for facilitating antioxidant effect to
suppress SCs apoptosis is probably through activating the ERK/Nrf-2
signalling pathway.

3.7 | FGF21 suppresses autophagy to diminish SCs
death in vitro

To further confirm the role of FGF21 in the autophagy-induced cell
death in vitro. Firstly, we detected autophagy-associated proteins

including Atg-5, Beclin-1 and LC3 Il/l by western blotting. Compared
with the control group, significantly higher expression of Atg5 and
Beclin-1, as well as the ratio of LC3 Il/l, was seen in the H,O, group,
while the trends of those autophagy-associated proteins were signifi-
cantly reversed when pretreatment with FGF21 or autophagy inhibi-
tor 3-MA (Figure 7A-D, #P < 0.05).

We next detected whether FGF21 affected the expression of cell
death-associated proteins in SCs after exposure to H,O,. Consistent
with the results above, western blotting showed that the level of
proapoptotic protein Bax was downregulated, while antiapoptotic
protein Bcl-2 was upregulated, and Bax/Bcl-2 ratio was significantly
reduced in FGF21 group when compared to the H,O, group. These
results were consistent with the 3-MA-treated group (Figure 7A,
E-G, #P < 0.05). All of these results demonstrate that FGF21
suppressing SCs death under oxidative stress is partially involved in

the inhibition of excessive autophagy.

4 | DISCUSSION

FGF21 is generally regarded as a potent metabolic regulator.?® Lar-
ger numbers of researches are focus on its specific effects on con-
trolling glucose and lipid homeostasis, energy metabolism, and insulin
sensitivity.>® However, in the present study, we are mainly con-
cerned about the effect of FGF21 on mediating neuroprotection and
neuranagenesis that tries to reveal its underlying molecular mecha-
nism following PNI. These new discoveries of FGF21-regulating PNI
are concluded as follows: (I) FGF21 is capable of strong neuroprotec-
tive effect on the peripheral nervous system (PNS), manifesting in
improving functional recovery, promoting both axonal elongation and
enhancing SCs  proliferation;  (Il)  this

remyelination, and
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FIGURE 6 FGF21 promotes the capacity of antioxidant in vitro through ERK/Nrf-2 signalling. RSC96 cells were pretreated with FGF21 solution
before adding H,O, (100 pmol L~Y) in vitro. A, CCK-8 test was performed to evaluate the number of surviving cells after H,O, stimulation. B, RSC96
cells were labelled with DCFH-DA probes to evaluate the level of intracellular ROS, which was detected by the flow cytometer. C, Quantitative
analysis of ROS generation in control, H,O5 and H,05 + FGF21 groups. D, Co-immunofluorescent images showing the relevance of Nrf-2 (green) and
HO-1(red) in each group (Scale bar = 50 pm). E-K, Western blotting and quantification data of p-ERK/ERK, Nrf-2, NQO1, HO-1 and Actived-caspase3
in each group. *P < 0.05, **P < 0.01 and ***P < 0.001 vs the control group, *P < 0.05, P < 0.01and *#P < 0.001 vs the H,0, group, **P < 0.01
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neuroprotective of FGF21 is likely associated with enhancing anti-
oxidative capable in SCs in the lesion region to preventing excessive
ROS production, which is further regulated by ERK/Nrf-2 signalling;
(1) blocking autophagic cell death is also another effective pathway
for FGF21 exerting neuroprotective and neurodevelopmental effect
after PNI.

As is known, axonal regrowth and remyelination after PNI is criti-
cal for reconstructing a functional nerve that can dominate their
appropriate target tissues.* GFs are implicated as the potential thera-
peutic agents on neurotraumatic disease because of their multiple
roles on triggering neuranagenesis, neurotrophy and angiogenesis. In
PNS, the synthesis and secretion of GFs primarily come from SCs.
However, those endogenous GFs could not satisfy the demands for
nerve regeneration. Therefore, supplying exogenous GFs in the
injured area becomes necessary for nerve repairing. Previously stud-
ied have reported that acid fibroblast growth factor (aFGF), basic
fibroblast growth factor (bFGF) and nerve growth factor (NGF) could
promote Schwann cell (SC) survival and axonal outgrowth in vivo
and in vitro.>*>> Part of them have been widely used in clinical
applications.>® FGF21 is a recently discovered hormone that also
belongs to GFs family. Previous researches have confirmed FGF21 is
a powerful metabolic regulator for coordinating carbohydrate and

lipid metabolism.>” But recent studies are involved in its

neuroprotection. For example, Chen et al. discovered that FGF21
could decrease the Blood-brain barrier (BBB) disruption and neuron
apoptosis, improve neurofunctional behaviour after traumatic brain
injury (TBI).Y” Kuroda, M group found that peripherally derived
FGF21 was contributed to oligodendrocyte proliferation and remyeli-
nation when the CNS suffers from pathological damage.?! Further-
more, exogenous FGF-21 protein could absolutely avoid ageing
neurons to suffer glutamate-induced excitotoxicity.2® However, it
remains unknown that whether these neuroprotective effects of
FGF21 on CNS are also potentially acted on pathological PNS dis-
ease.

In this study, for the first time, we explored FGF21 on peripheral
nerve regeneration through exogenously administrating FGF21 in rat
sciatic nerve crush model. We found that FGF21 treatment signifi-
cantly improved both the speed and extent of recovery of motor
and sensory function, as analysed by SFI and mechanical withdrawal
response (Figure 1). Moreover, we similarly observed FGF21 treat-
ment remarkably ameliorated histological and morphological recovery
through H&E and double-immunofluorescence staining, manifesting
in newborn nerve fibers increasing and regenerative axon growing
(Figure 2). It has been reported that SCs proliferation is contributed
to remyelination.*®>® To address this fact, we examined the expres-
sion of SCs-associated proliferative proteins and the status of myelin
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remodeling through western blotting and TEM. The results showed
that administration of FGF21 was beneficial for the expression of
GFAP, S-100 and MBP, as well as increasing the myelin diameter
and thickness, when compared with the PNI group (Figure 3). All of
these analyses indicated that FGF21 could exert direct and potent
neuroprotective and neurotrophic effects to improve the restoration
of neural architecture and function after PNI. But the potential
mechanism of FGF21-regulating peripheral nerve rehabilitation
remains largely unknown.

Previous studies showed that oxidative stress was identified to
be responsible for the neuronal disease, including PNI and diabetic
neuropathy.®?%° Kaya et al verified melatonin improved axonal
regeneration and functional recovery through reducing oxidative

1.8 Moreover, excessive oxida-

stress in the transected model of PN
tive activation formative superfluous reactive oxygen species (ROS)
accumulation leads to neuronal cell apoptosis, which is not benefi-
cial to nerve regeneration.®®%2 Preventing excessive oxidative stress
activation improves the structural and functional recovery after
PNI.22 Based on the above fact, we speculated inhibiting oxidative
stress might be involved in FGF21 ameliorating PNI recovery. To
validate this hypothesis, we exposed SCs to H,O, to elicit oxida-
tive stress and pretreated it with 250 ng/mL FGF21 with or with-
out a specific inhibitor U0126 in vitro. The results showed massive
accumulation of ROS were generated in SCs, which led to a signifi-
cant reduction of cell viability. But these side-effects were largely
FGF21 (Figure 6).
Consistently, we also observed adding FGF21 markedly enhanced

ameliorated with the pretreatment of
the anti-oxidative capable in vivo and in vitro, manifesting in obvi-
ous increase levers of NOQl and HO-1, which were partially
reversed by U0126 (Figures 4 and 6). Furthermore, we detected
HO-1 was nearly co-localized with S-100 in all groups, meaning the
changes of oxidative stress occurred in SCs. Collectively, all of
these results indicate that the depressed antioxidative capacity in
SCs after PNI leads to the massive accumulation of ROS, which
deteriorates injured nerve regrowth. FGF21 possess the strong
antioxidant potential to inhibit ROS production and protect SCs
from apoptosis.

Oxidative stress is regulated by various intracellular signalling
cascades, including ERK/Nrf-2, PI3 K/AKT, and JAK/STAT path-
ways.®®%* Among them, ERK/Nrf-2 signalling is regarded as the piv-
otal molecular regulatory mechanism for combatting oxidative stress-
induced neuronal damage.’¢>¢® Nrf-2 is a key anti-oxidant defender
that cooperates with the antioxidant response element (ARE) to
maintain normal oxidative levels.®” Mounting evidences showed that
a series of Nrf-2-medicated antioxidant processes were involved in
the upstream of MEK/ERK regulating.®®%” For instance, acetyl-L-car-
nitine effectively protected hippocampal neurons from oxidative
damage and mitochondrial dysfunction mainly through the ERK/Nrf-
2 pathway.”® There is increasing evidence manifested that ERK could
activate the downstream transcription factor of Nrf-2 to promote
SCs proliferation and nerve repair.2%3! Furthermore, the ERK/Nrf-2-
mediated mechanism also resisted diabetic neuropathy induced-oxi-

dative damage.®2 However, there is no clear evidence that confirmed

whether FGF21-medicated anti-oxidative enhancing was closely
related to ERK/Nrf-2 signalling after PNI. In the present work, we
found that FGF21 treating prominently upregulated phosphorylation
of ERK and activated Nrf-2 signalling pathway when compared with
the PNI rats (Figure 4). These results were also confirmed in the cell
lever (Figure 6). Additionally, U0126 markedly reversed the effect of
FGF21 on ERK phosphorylation and Nrf-2 activation. Taken
together, these findings suggest that FGF21 enhanced antioxidant
capacity to promote remyelination is probably through activating the
ERK/Nrf-2 pathway.

Autophagy is tightly linked to PNL7Y72 Abnormal autophagic
activity contributes to neuronal nonapoptotic cell death, namely “au-
tophagic cell death”, which can be mostly reflected by the ratio of
Bax and Bcl-2.7374 Previous studies have demonstrated that autop-
hagic cell death could be induced by oxidative stress.”> Upregulating
the autophagy lever caused by oxidative damage is detrimental to
neural survival and proliferation.”®”” Suppression of excessive autop-
hagic activation through pharmacological or genetic methods may be
a novel target to reduce reactive zinc-induced neurons and astro-
cytes death and alleviate the brain infarction after ischaemia
injury.”®”? These findings support the possibility that correcting
autophagic dysfunction may be a potential therapeutic strategy for
repairing nerve injury. In the current research, we found out the
autophagy lever was excessive activation both in vivo and in vitro,
which was significantly reversed after FGF21 or 3-MA administration
(Figures 5 and 7). Similar results also appeared on the ratio of Bax/
Bcl-2. The evidence suggests that abnormal autophagy activation
may bring about neuronal death, which is harmful to the injured
nerve regeneration. However, FGF21 is able to inhibit autophagic
cell death to promote neuronal regrowth and remyelination after
PNI.

In conclusion, we firstly demonstrated that exogenous FGF21
administration facilitated SCs proliferation, nerve remyelination,
and functional recovery after PNI. Furthermore, this beneficial
effect of FGF21 on the injured nerve and restoration, and SCs
survival is likely related to suppress excessive oxidative stress-
induced cell apoptosis via the ERK/Nrf-2 signalling pathway and
autophagic cell death (Figure S2). However, we did not study the
specific relationship between anti-oxidative effect and anti-autop-
hagic effect regulated by FGF21. In this study, we demonstrated
that FGF21 firstly promoted the expression of antioxidant
enzymes when suffering from oxidative damage. Thereafter,
FGF21 suppresses the excessively autophagy activated. Moreover,
the extent of antioxidant capacity is higher than the inhibition
effect of autophagy (Figure S1). All in all, our results suggest
FGF21 administration may be a potential useful therapeutic drug
for repairing PNI.
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