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Isoquercitrin promotes peripheral nerve regeneration through
inhibiting oxidative stress following sciatic crush injury in mice
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Background: Oxidative stress has been recognized to play a crucial role in the pathogenesis of peripheral nerve
injury. Isoquercitrin (quercetin-3-glucoside) is a flavonoid that exhibited many biological activities, including anti-
oxidatve effect. However, it is unclear whether isoquercitrin has protective effects on peripheral nerve injury.
Methods: Mice treated by isoquercitrin were used as a case group, and mice injected with saline was the control
group. Sciatic behavioral function was assessed using SFI and CMAPs were measured by electrophysiology.
Schwann cells proliferation and migration were tested using EdU staining and Transwell migration chambers
respectively. The expression of oxidative stress related factors were detected by qRT-PCR and Western blotting.
Results: In present study, our results demonstrated that isoquercitrin (20 mg/kg/day) treatment achieved
significantly higher SFI and higher amplitude of CMAP, promoted the nerve regeneration and remyelination,
increased the production of GAP43, NF200, MAG and PMP22, alleviated target muscle atrophy and
autophagy, and suppressed the expression of ATG7, PINKI1 and Beclinl in soleus muscles after sciatic nerve
crush. In vitro studies found that isoquercitrin promoted the axonal regeneration of DRGs neurons, the
proliferation and migration of Schwann cells, and the expression of proliferating cell nuclear antigen (PCNA)
in Schwann cells. The administration of isoquercitrin at 40 and 320 pM showed a dose dependent, and high
doses of isoquercitrin (160 and 320 pM) showed better performance in promoting axonal regeneration of
DRGs neurons, and the proliferation and migration of Schwann cells than low dose of isoquercitrin (40 pM).
Furthermore, isoquercitrin significantly inhibited oxidative stress through reducing the production of Nox4
and Duoxl, and promoting the expression of Nrf2 and SOD?2 in soleus muscles after sciatic nerve crush.
Conclusions: Isoquercitrin may promote motor functional recovery and nerve regeneration following
peripheral nerve injury though inhibition of oxidative stress, which highlighted the therapeutic values of

isoquercitrin as a neuroprotective drug for peripheral nerve repair applications.
Keywords: Peripheral nerve injury; oxidative stress; isoquercitrin; nerve regeneration
Submitted Jun 27, 2019. Accepted for publication Oct 24, 2019.

doi: 10.21037/atm.2019.11.18
View this article at: http://dx.doi.org/10.21037/atm.2019.11.18

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2019;7(22):680 | http://dx.doi.org/10.21037/atm.2019.11.18


https://crossmark.crossref.org/dialog/?doi=10.21037/atm.2019.11.18

Page 2 of 16

Introduction

Peripheral nerve injury is a common clinical problem
undergoing various situations, such as sharp instruments,
firearm, stretch, compression and ischemia, and iatrogenic
injury, which is characterized by the disruption of myelin
sheaths and axons (1,2). Different from central nervous
system (CNS), the peripheral nervous system (PNS) has
been provided with a considerable capacity for spontaneous
regeneration in response to traumatic injury (3-5).
Following sciatic nerve injury, Schwann cells dedifferentiate
and proliferate, migrate into injury site eliminating myelin
debris together with macrophages, forming bands of
Biingner that provide pathways for regenerating axons (6).
However, it will take a long time before the regenerated
axons reaching target organs, and the sciatic nerve function
scarcely returns to pre-injury levels, consequently resulting
in severe loss of function and disability due to the recovery
without intervention being gradual and incomplete.
Therefore, new treatments and effective drugs are needed
to enhance nerve regeneration and improve functional
outcomes after injury.

Peripheral nerve injury is accompanied with oxidative
stress and inflammation, which have been believed to play
an important role in the pathogenesis of peripheral nerve
injury (7-11). Oxidative stress is considered to be one of
the main origins of neural damage after injury, and play a
negative role in nerve functional recovery after peripheral
nerve injury (12-14). Diverse methods of peripheral
nerves injury can lead to different degrees of oxidative
stress (15). Recent studies have shown that inhibiting
oxidative stress after peripheral nerve injury could
accelerate the repair process and improve the functional
recovery after nerve injury (12,16,17). Following
peripheral nerve injury, rapid pro-inflammatory response
is required for removal of tissue scraps and valid nerve
regeneration (13). If the inflammation persists and is
not effectively suppressed in a timely manner, functional
recovery will be affected. Dampening inflammatory
responses contributes to functional recovery from peripheral
nerve injury (18). In conclusion, suppressing oxidative
stress and inflammation may be an important approach
in preventing oxidative and inflammatory neural damage
and contributing to nerve regeneration and functional
reconstruction after peripheral nerve injury.

Isoquercitrin (quercetin-3-glucoside), a flavonoid
compound that is widely distributed in medicinal and
dietary plants, displays many biological activities, including
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antioxidant and inflammation inhibition activities (19,20).
It has been reported that isoquercitrin exhibited ROS
scavenging activity to protect MSCs against ROS-induced
oxidative damage (21), as well as suppressed the production
of ROS induced by free fatty acids/lipopolysaccharides
within hepatocytes (22). Isoquercitrin could protect liver
from acetaminophen induced injury though inhibition
of oxidative stress (23). Recent studies have shown that
isoquercitrin plays an important role in the protection
of CNS injury, such as protecting primary culture of rat
cortical neuronal cells from oxygen-glucose deprivation-
reperfusion induced cell damage (24), and ameliorating
cerebral impairment in focal ischemia through anti-
oxidative effect (25). However, the protective effect of
isoquercitrin on PNS injury remains unclear.

Therefore, the current study is designed to probe the
effect of isoquercitrin on nerve regeneration and functional
recovery in a mice model of sciatic nerve crush injury in
vivo, explore the effect of isoquercitrin on the proliferation
and migration of Schwann cells iz vitro, as well as elucidate
the effect of isoquercitrin on oxidative stress. Finally, it is
possible for us to explore the neuroprotective effects of
isoquercitrin on peripheral nerve injury and the potential
molecular mechanism.

Methods
Animals and treatment

The whole study protocol is approved by the Ethics
Committee of Nantong University (No. 20160308-009) and
all the procedures were done according to the guidelines of
the Animal Care Committee from the Nantong University,
Jiangsu Province, China. Male ICR mice (about 20 grams) are
maintained in an enriched environment with a room-controlled
temperature, 12 h light-dark cycle, food and water available.
ICR mice are anaesthetized before the sciatic nerve exposed,
and a 3-mm long nerve in the mid-thigh of hind limb is crushed
three times (10 seconds/each time, 3 seconds interval) by use of
a hemostatic forceps (26). The ICR mice are randomly grouped
into three different groups: control group (Ctrl) represents
the sham-operated group; saline group (Saline) represents
sciatic nerve crush + intraperitoneal injection of equivalent
saline; isoquercitrin group (ISO) represents sciatic nerve crush
+ intraperitoneal injection of isoquercitrin (20 mg/kg/day)
after nerve crush. The dose of isoquercitrin is chosen based on
previous studies which could get a protective role in disease
models (27,28).
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Primary culture of Schwann cells and treatment

Neonatal 1-day-old Sprague-Dawley (SD) rats are provided
from the Experiment Animal Center of Nantong University.
Primary SCs are isolated from sciatic nerve of rats. In order
to remove the fibroblasts, purifying the mussy Schwann
cells with anti-Thy1.1 antibody (Sigma, St Louis, MO) and
rabbit complement (Sigma, St Louis, MO). The collected
primary Schwann cells are cultured in Dulbecco’s modified
eagle medium containing 10% fetal bovine serum (Gibco,
Grand Island, NY) at 37 °C in a humidified incubator with
5% CO,. Making certain the purity of Schwann cells over
95%), and the cells are passaged for no more than three
times prior to use. The purified cells are replanted in 6-well
plates for 24 h, and the negative control group is subjected
to fasting (nutritional deprivation, ND) for 12 h in amino
acid free and serum free Hank’s balanced salt solution
(HBSS), while experimental groups are treated with
different concentration of isoquercitrin ranging from 40 to
320 pM, and positive control group is treated with NGF
(50 ng/mL) at the same time. After treatment, the Schwann
cells are prepared for related detection.

Western blotting

Cultured Schwann cells and sciatic nerves are lysed in
RIPA lysis buffer from Beyotime Biotechnology (Haimen,
China) and the quantification of whole sample lysates is
performed using BCA Protein Quantification Kit (Beyotime
Biotechnology, Haimen, China). Equivalent amounts of
isolated protein were separated on 10% SDS-PAGE and
transferred to PVDF membranes (Millipore, Bedford, MA,
USA). Then, these membranes were blocked with 5%
nonfat dry milk in Tris-HCI buffered saline (TBS) at room
temperature and probed with GAP43 (1:1,000) (Invitrogen
Antibodies, Waltham, MA), NF200 (1:1,000) (Invitrogen
Antibodies, Waltham, MA), MAG (1:2,000) (LifeSpan
BioSciences, Seattle, WA), PMP22 (1:2,000) (LifeSpan
BioSciences, Seattle, WA), PCNA (1:1,000) (LifeSpan
BioSciences, Seattle, WA), B-actin (1:2,000) (LifeSpan
BioSciences, Seattle, WA), Nox4 (1:2,000) (LifeSpan
BioSciences, Seattle, WA), Nrf2 (1:2,000) (LifeSpan
BioSciences, Seattle, WA), ATG7 (1:2,000) (Invitrogen
Antibodies, Waltham, MA), PINK1 (1:1,000) (LifeSpan
BioSciences, Seattle, WA), Beclin1(1:2,000) (Biorbyt, San
Francisco, CA) and SOD2 (1:2,000) (Biorbyt, San Francisco,
CA). Next day, following been washed with TBST, these
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membranes are incubated with the corresponding HRP-
conjugated secondary antibodies. Blotted bands are
visualized with enhanced chemiluminescent solution
(Thermo Fisher Scientific, Inc., Carlsbad, CA) and exposed

on films.

qRT-PCR

Total RNA is extracted using the RNeasy kit (Qiagen,
Valencia, CA). The cDNA is synthesized using the
first-strand ¢cDNA synthesis kit with oligo dT primers
(Invitrogen, Carlsbad, CA). The following primers used in
this study are prepared by the Shanghai Generay Biotech
Co., Ltd., (Shanghai, China): mouse Duox1 (GI: 150010670)
left primer 5'-CCTGGGCCACTGAAGTTTTC-3',
right primer 5'-GGAGAGTGCAGGGTTGATGT-3;
mouse Nrf2 (GI: 20073087) left primer
S'"-GTTGCCCACATTCCCAAACA-3", right
primer 5'-CTGATGAGGGGCAGTGAAGA-3";
mouse SOD2 (GI: 76253932) left primer
5'-CCAGACCTGCCTTACGACTA-3", right
primer 5'-TGAAGAGCGACCTGAGTTGT-3";
mouse GAPDH (GI: 193423) left primer
5'-AACTTTGGCATTGTGGAAGG-3", right primer
5'-ACACATTGGGGGTAGGAACA-3'. All RT-qPCR
were performed using QuantiNova SYBR Green kit
(QIAGEN, 208054) with primers on an Applied Biosystems
StepOne realtime PCR System to evaluate the mRNA
expression of the corresponding genes. The relative
expression is measured using the 27**“" method (29).
Relative expression is calculated from cycle threshold values

corrected for GAPDH.

Bebavioral analysis

Sciatic behavioral function is assessed using the sciatic
functional index (SFI). The SFI is a generally used test
to assess behavioral recovery and return of function after
sciatic nerve injury (30). Briefly, the hind paws of each
animal are moistened with chemically synthesized red paint
and the animals are allowed to walk unassisted along a
6x60 cm’ corridor lined with white paper. The prints
chosen for measurements are complete. The tracks are
evaluated for two different parameters: toe spread (the
distance between first and fifth toes) and print length
(the distance between the third toe and the hind pad).
Measurement of each parameter is made for the right
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(normal) and the left (experimental) paw prints. Using the
parameters, preoperative and postoperative SFI for each
animal is determined according to our previous study (26).

Electrophysiological measurements

ICR mice are anaesthetized before the left mid-thigh sciatic
nerve exposed. The previous surgical site is reopened
and the sciatic nerve is exposed again. Electrical stimuli
(10 mV) are applied to the sciatic nerve trunk at the
proximal and distal ends of the injured site sequentially.
Compound muscle action potentials (CMAPs) are recorded
on the gastrocnemius belly. The same assessments are
conducted at the uninjured contralateral side.

Cell proliferation assay

The proliferation rate of Schwann cells is measured with
EdU staining (Ribobio, Guangzhou, China). Cultured
primary Schwann cells are suspended in the complete
medium prewarmed to 37 °C, and seeded at a density of
2x10’ cells/mL on 96-well plates coated with poly-L-lysine.
Schwann cells are incubated with 100 pM EdU and grew for
24 h. Cell cultures were fixed with 4% paraformaldehyde
and DAPI is added and slides are visualized under a
fluorescent microscope. The total number of Schwann cells
for each image is determined by counting the number of
DAPI-counterstained blue nuclei, while the total number
of proliferating SCs is measured by counting the number
of Edu-positive red nuclei. The percent of proliferation is
calculated by the ratio of total EdU-positive nuclei to total
number of cells.

Cell migration assay

Cell migration assay is tested using Transwell migration
chambers which are 8-um pore size (Corning, NY, USA).
The bottom chambers are filled with 600 pL. medium with
different concentrations of isoquercitrin ranging from
40 to 320 pM. Schwann cells (1x10°/mL) are seeded into
the top chambers in 100 pL medium. After incubated in
a humidified 5% CO, for 24 h at 37 °C, Schwann cells
transferred to the lower chamber are stained with 0.5%
crystal violet at room temperature about 20 min, while
the Schwann cells on the upper chamber are wiped. The
migration rate is calculated by means of randomly selected
image fields.
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Statistical analysis

All statistical analyses are conducted with a SPSS Software
Version 17.0 (SPSS Inc., Chicago, IL). All data are
expressed as the means =+ SEM. Results are analyzed by
One-way ANOVA with a subsequent Bonferroni’s test for
pairwise comparisons. P<0.05 is considered statistically
significant.

Results

Isoquercitrin improves the recovery of motor function after
sciatic nerve crush

To evaluate the effects of treatment with isoquercitrin on
the recovery of motor function after sciatic nerve crush,
the sciatic functional index (SFI), an index of functional
nerve reconstruction, is used in this study. The SFI value
varies from 0 to —100, with 0 and -100 indicating normal
function and absolutely loss of motor function, respectively.
In current study, the mice from the saline treated group
showed a gradually increase in SFI value, which suggested
a spontaneous recovery of motor function (Figure 1A).
Similarly, the mice from the ISO treated group also
showed a gradually increase in SFI value, at 11 and 15 days
after injury, the SFI values in the ISO treated group were
obviously higher than those in the saline treated group
(P<0.01, Figure 14). The SFI values were superior than
those in the saline treated group at 19 and 23 days after
injury, but there was no statistical significance between
them. Therefore, in the following studies, the time at
15 days after injury was chosen to further study.

The recovery of sciatic nerve function is based on the
nerve reinnervation of the target muscles. The amplitude
of CMAP reflects the number of nerve fibers reinnervating
target muscles, which is usually used to evaluate the extent
of motor functional recovery. At 15 days after injury, ISO
treated group accomplished markedly higher amplitude of
CMAP than the saline treated group (P<0.05; Figure 1B,C),
which demonstrated that a better recovery in the motor
function was obtained in the ISO treated group following
sciatic nerve crush.

Isoquercitrin is beneficial for remyelination and nerve
regeneration dafter peripberal nerve injury

To evaluate the effects of treatment with isoquercitrin on
the remyelination after sciatic nerve crush, transmission
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Figure 1 Effects of ISO on the recovery of motor function after sciatic nerve crush. (A) Effects of ISO on the SFI after sciatic nerve crush. (B)

CMAP measurements at 15 days after sciatic nerve crush and representative traces of CMAP. (C) Effects of ISO on the CMAPs after sciatic

nerve crush. Ctrl, normal control group; Saline, saline treated group; ISO, ISO treated group. *, P<0.05; **, P<0.01.

electron is used to observe the mean thickness of myelin
sheath and the mean number of myelin sheath layers in
current study. The mean thickness of myelin sheath and
the mean number of myelin sheath layers all displayed
significant reduction in saline treated group compared
to normal control group, while the treatment with
isoquercitrin could rescue the reduction of the mean
thickness of myelin sheath and the mean number of
myelin sheath layers induced by the treatment with saline
(P<0.05, Figure 2A4,B,C), which suggested that isoquercitrin
promoted the remyelination after sciatic nerve crush.
Subsequently, we evaluate the effects of isoquercitrin
on the Myelin formation associated protein. Therefore,
we evaluate the expression of the myelin-associated
glycoprotein (MAG) and peripheral myelin protein
22 (PMP22). MAG is implicated in the formation and
maintenance of myelin (31) and PMP22 is primarily
expressed in the compact myelin and promotes the
formation and maintenance of myelin sheaths in the
PNS (32,33). The expression of MAG and PMP22 were
reduced in saline treated group compared to normal control
group, which indicated that the structure and function
of myelin sheath had been damaged to some extent. The

© Annals of Translational Medicine. All rights reserved.

treatment with isoquercitrin had a conservatory effect in
increasing the expression of MAG and PMP22 compared
to the treatment with saline (P<0.01, Figure 2D,E). These
results demonstrated that isoquercitrin was beneficial to
remyelination after peripheral nerve injury.

To elucidate the effects of treatment with isoquercitrin
on the nerve regeneration after sciatic nerve crush, we
evaluate the effects of treatment with isoquercitrin on the
nerve growth associated proteins growth-associated protein
43 (GAP43) and neurofilament 200 (NF200). GAP43 is
highly abundant in the neuronal growth cone involved in
growth cone guidance and actin cytoskeleton organization
during development and regeneration (34) and NF200
is a marker of myelinated neurons (35). Western blot
analysis displayed that following the sciatic nerve crush the
expression of GAP43 in the saline treated group showed an
increase compared to that in the normal control, whereas
the treatment with ISO had a better protective effect in
enhancing the expression of GAP43 compared to the
saline treated group (P<0.01). The expression of NF200
in the saline treated group displayed significant reduction
compared to that in the normal control, whereas the
treatment with ISO had a protective effect in increasing
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Figure 2 Effects of ISO on the remyelination at 15 days after sciatic nerve crush. (A) The representative transmission electron microscopic
images were selected from 3 different groups. (B) Statistical results of the mean thickness of myelin sheath in mice from different groups.
(C) Statistical results of the mean number of myelin sheath layers in mice from different groups. (D) The representative images of MAG and
PMP22 for western blotting analysis. (E) Statistical results of the relative expression of MAG and PMP22 in mice from different groups. (F)
Representative images of GAP43 and NF200 for western blotting analysis. (G) The relative expression of GAP43 and NF200 after sciatic
nerve crush. Ctrl, normal control group; Saline, saline treated group; ISO, ISO treated group. *, P<0.05; **, P<0.01.
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Figure 3 Effects of ISO on muscle atrophy at 15 days after sciatic nerve crush. Soleus muscles of mice were stained for laminin after at

15 days after sciatic nerve crush and the representative laminin staining images were selected from 3 different groups. Statistical results of

the myofiber CSA ratio (vs. Ctrl) in mice from different groups. Ctrl, normal control group; Saline, saline treated group; ISO, ISO treated

group. *, P<0.05.

the expression of NF200 compared to the saline treated
group (P<0.01, Figure 2EG). These data demonstrated that
isoquercitrin promoted the nerve regeneration after sciatic
nerve crush.

Isoquercetin alleviates muscle atrophy and inhibits
autophagy after sciatic nerve crush

Isoquercitrin could promote nerve regeneration, myelin
formation and nerve function recovery of injured sciatic
nerve. Therefore, laminin staining is used to explore the
effect of isoquercitrin on muscle cross-sectional area (CSA).
Current study showed that the mean CSA of soleus muscles
from the mice treated with saline was smaller than that in
the mice from normal control group, and the mean CSA
of soleus muscles from the mice treated with isoquercitrin
was bigger than that in the mice treated with saline
(P<0.05, Figure 3). There were many autophagic vesicles
or autophages in saline treated group compared to normal
control group, while the treatment with isoquercitrin could

© Annals of Translational Medicine. All rights reserved.

reduce the production of autophagic vesicle or autophages
(Figure 4A4), at the same time accompanied by decreased
expression of autophagy-related proteins ATG7, PINK1
and Beclinl (Figure 4B,C). These data suggested that
isoquercitrin could alleviate muscle atrophy and inhibit
autophagy of target muscles after sciatic nerve crush.

Isoquercetin promotes axon growth of dorsal root ganglion
neurons

To evaluate the effects of isoquercitrin on axon growth of
dorsal root ganglion neurons, the dorsal root ganglions of
fetal rats at 14 days of gestation are planted on a 24-well
plate for 72 hours, and then the medium is replaced with
HBSS in the presence or absence of NGF or isoquercitrin
with different concentrations for 24 hours. The dorsal
root ganglions are stained with NF200. Results showed
that the length of axon extended from DRG explants in
isoquercitrin treated group was larger than that in only
HBSS treated group. The administration of isoquercitrin at
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Figure 4 Effects of ISO on muscle autophagy at 15 days after sciatic nerve crush. (A) Soleus muscles of mice were observed by electron

microscope at 15 days after sciatic nerve crush and the representative images were selected from 3 different groups. Scale bar, 10 pm. (B)
The representative images of AT'G7, PINK1 and Beclinl for western blotting analysis. (C) The relative expression of ATG7, PINKI and
Beclinl after sciatic nerve crush. Ctrl, normal control group; Saline, saline treated group; ISO, ISO treated group. *, P<0.05; **, P<0.01.

40 and 320 pM showed a dose dependent, and high doses of
isoquercitrin (160 and 320 pM) showed better performance
in promoting axonal regeneration of DRGs neurons than
low dose of isoquercitrin (40 pM). Additionally, the number
of nerve fiber bundles from DRG explants treated with high
doses of isoquercitrin (160 and 320 pM) was also larger than
that treated with low dose of isoquercitrin (40 pM) (P<0.05,
Figure 5). The length and the number of nerve fiber
bundles extended from DRG explants were no significant
difference between NGF treated group and high doses of
isoquercitrin treated group (160 and 320 pM). All these data
demonstrated that isoquercitrin promoted an increase in
the length and the number of nerve fiber bundles extended
from DRG explants, and this effect was getting better and
better with the increase of isoquercitrin concentration.
Isoquercetin improves the proliferation of Schwann cells

© Annals of Translational Medicine. All rights reserved.

To evaluate the effects of isoquercitrin on the proliferation
of Schwann cells, the cell viability and proliferation ability
are analyzed through MTT assay and EDU staining,
respectively. Results indicated that HBSS treatment
significantly reduced the viability of Schwann cells and
isoquercitrin could enhance the viability of Schwann cells,
showing a dose dependent (P<0.01, Figure 64). EDU
staining also showed that HBSS significantly decreased
the proliferation ability of Schwann cells and isoquercitrin
improved the proliferation ability of Schwann cells treated
with HBSS, which also showed a dose dependent (P<0.01,
Figure 6B,C). Proliferating cell nuclear antigen (PCNA)
is known as a molecular marker for proliferation (36).
Our data demonstrated that the expression of PCNA was
inhibited in HBSS treated group, whereas the treatment
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Figure 5 Effects of isoquercetin on axon growth of dorsal root ganglion neurons. (A) The nerve fiber extended from DRG explants were

stained with NF200 and the representative images were selected from 6 different groups. Scale bar, 200 pm. (B) Statistical results of the

length of axon extended from DRG explants from different groups. *, P<0.05.

with isoquercitrin had a better protective effect in increasing
the expression of PCNA (P<0.01, Figure 6D,E). With the
increase of isoquercitrin concentration, the promotion

ability became stronger and stronger.

Isoquercetin promotes the migration of Schwann cells

"To evaluate the effects of isoquercitrin on the migration of
Schwann cells, the transwell chamber is used to analyze the
ability of Schwann cell migration. Results demonstrated
that the ability of Schwann cell migration significantly
reduced in HBSS treated group and isoquercitrin could

© Annals of Translational Medicine. All rights reserved.

enhance the ability of Schwann cell migration, showing a
dose dependent enhancement (P<0.01, Figure 7A,B).

Isoquercetin suppresses oxidative stress after sciatic nerve crush

Peripheral nerve injury is accompanied with oxidative
stress (9-11). To evaluate the effects of treatment with
isoquercitrin on oxidative stress after sciatic nerve crush,
qRT-PCR and western blotting are used to examine the
NADPH oxidase 4 (Nox4), Duoxl, SOD2 and nuclear
factor E2-related factor-2 (Nrf2). Nox4 and Duoxl
could promote the production of ROS (37,38). Nrf2, a
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Figure 6 Effects of isoquercetin on the proliferation ability of Schwann cells. (A) The cell viability was determined through MTT assay.
(B) The images of EdU staining (red) and Hoechst 33342 staining (blue) were used to measure cell proliferation, scale bar, 400 pm. (C)
Statistical results of the proliferation ability of Schwann cells from 6 different groups. (D) The representative images of PCNA for western
blotting analysis. (E) Histograms showing the relative expression of PCNA from different groups. **, P<0.01, vs. Ctrl; #, P<0.01, vs. HBSS.
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Figure 7 Effects of isoquercetin on the migration ability of Schwann cells. (A) The representative images of crystal violet staining for

Schwann cells. (B) Statistical results of the migration ability of Schwann cells from 6 different groups. Scale bar, 50 pm. *, P<0.05; **, P<0.01,

vs. Ctrl; ™ P<0.01, vs. HBSS.

transcription factor, could decrease the production of
ROS (39). SOD2 is an enzyme responsible for reducing
superoxide radicals in mitochondria (40). Our results
demonstrated that isoquercitrin could reduce the production
of Nox4 and Duoxl, promote the expression of Nrf2
and SOD2 (Figure §8), which indicated that isoquercitrin
suppressed oxidative stress after sciatic nerve crush.

Discussion

Medication is generally used to promote axonal regeneration
after peripheral nerve crush injury (41). Vitamin B12,
recognized to play a crucial role in neuroprotection, is
frequently used in peripheral neuropathy (42). However,
side effects of vitamin B12, including diarrhea, skin
harassment, rash, allergic reaction and even anaphylactic
shock, limit the use of vitamin B12 for the treatment of

© Annals of Translational Medicine. All rights reserved.

nerve damage (43). Therefore, it is very important to
develop new drugs with little side effects to promote the
repair of nerve injury. In current study, we investigated the
effects of isoquercitrin on nerve regeneration and functional
recovery after nerve crush injury in mice. We found that
isoquercitrin significantly improved nerve regeneration
and functional recovery in vivo, and promoted the axonal
regeneration of DRGs neurons, the proliferation and
migration of Schwann cells in vitro. Further investigation
showed that isoquercitrin significantly inhibited oxidative
stress after sciatic nerve crush. These findings highlighted
the therapeutic values of isoquercitrin as a neuroprotective
drug for peripheral nerve repair applications.

In the present study, we found that treatment with
saline induced a gradual recovery in locomotive activity
as evidenced by the SFI value of -30 at 23 days post
nerve crush, which suggested a spontaneous recovery of

Ann Transl Med 2019;7(22):680 | http://dx.doi.org/10.21037/atm.2019.11.18
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Figure 8 Effects of isoquercetin on oxidative stress after sciatic nerve crush. (A,B,C) The relative mRINA expression of Duoxl, Nrf2 and
SOD2. (D) The representative images of Nox4, Nrf2 and SOD?2 for western blotting analysis. (E,E,G) the relative expression of Nox4, Nrf2

and SOD?2 after sciatic nerve crush. Ctrl, normal control group; Saline, saline treated group; ISO, ISO treated group, *, P<0.05, **, P<0.01.

motor function. Treatment with isoquercitrin caused a
significant recovery, however, different promotion rates in
locomotive activity at 11 and 15 days, which suggested that
isoquercitrin could accelerate motor functional recovery
during the period from 11 to 15 days post nerve crush, also
implied the presence of time window for drug therapy after

© Annals of Translational Medicine. All rights reserved.

nerve injury. This is consistent with previous study (44).
Thus, in the following studies, the time at 15 days after
nerve injury was chosen to further study. The recovery of
sciatic nerve function is based on the nerve reinnervation
of the target muscles, as well as the amplitude of CMAP, as
markers of axon integrity, reflecting the number of nerve
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fibers reinnervating target muscles (45). At 15 days after
injury, treatment with isoquercitrin achieved significantly
higher amplitude of CMAP than the saline treated group,
which demonstrated that isoquercitrin may promote the
nerve reinnervation of target muscles, thereby improving
the amplitude of CAMP following sciatic nerve crush.

The morphological features of target muscle and
regenerated nerve fibers can reflect the degree of functional
recovery after peripheral nerve injury (46). Our study
showed that the functional performances of isoquercitrin-
treated mice were concomitant with the morphometric
analysis of target muscles. Treatment with isoquercitrin
significantly improved the histomorphologic appearance
of target muscles, and enlarged the mean diameter and
thickness of myelin sheath in regenerated nerve fibers after
nerve injury. These current evidences that isoquercitrin was
capable of heightening axonal outgrowth and increasing
functional recovery.

GAP43, a PKC-activated phosphoprotein, is often
implicated in neurite outgrowth during development
and axon regeneration (47) and NF200 is a marker of
myelinated neurons (35). Our data showed that isoquercitrin
had a protective effect in increasing the expression of
GAP43 and NF200 compared to the saline treated group,
which suggested that isoquercitrin promoted the nerve
regeneration via enhancing the expression of GAP43 and
NF200 after sciatic nerve crush. In addition, Palazzolo
et al. found that isoquercitrin promoted neurite elongation
via stimulating extensive neurites enriched in the synaptic
vesicle protein synaptotagmin-1 (48). Our data also found
that isoquercitrin can promote the axonal outgrowth of
DRG neurons in vitro, which may be related to its nerve
protection through stimulating extensive neurites enriched
to promote the axonal outgrowth. The precise mechanism
needs further experimental confirmation.

Myelination of the PNS is essential for axonal
function (49). The enhanced axonal growth and
regeneration by isoquercitrin was also supported by the
enlarged diameter and thickness of myelin sheath induced
by treatment with isoquercitrin. MAG involves in myelin-
maintenance and PMP22, primarily expressed by Schwann
cells, contributes to the formation and maintenance of
myelin sheaths (32,33,50). Our data also demonstrated
that isoquercitrin promoted the expression of MAG
and PMP22 compared to saline, which suggested that
isoquercitrin was beneficial to remyelination via promoting

the expression of MAG and PMP22 after peripheral nerve
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injury. Moreover, Schwann cell proliferation and migration
contribute to nerve repair following peripheral nerve
injury (51). The proliferative Schwann cells can not only
secrete neurotrophic factors to promote nerve regeneration,
but also migrate to injured sites to promote remyelination
post peripheral nerve injury (52). Our results suggested
that isoquercitrin can not only promote the proliferation of
Schwann cells, but also improve the migration of Schwann
cells, which indicated that isoquercitrin was beneficial for
the axonal outgrowth and remyelination through promoting
the proliferation and migration of Schwann cells.

Functional and morphological recovery of target
muscle is direct evidence of nerve regeneration and
reinnervation (53). Peripheral nerve injuries frequently
induce muscle atrophy through enhancing the induction
of proteolysis system, such as autophagy-lysosome
and ubiquitin-proteasome systems (54,55). Our data
demonstrated that the mean CSA of soleus muscles from the
mice treated with isoquercitrin was bigger than that in the
mice treated with saline, which indicated that isoquercitrin
could alleviate muscle atrophy after sciatic nerve crush.
Furthermore, our results also showed that treatment with
isoquercitrin suppressed the activation of autophagy in
soleus muscles.

Peripheral nerve injury is accompanied with oxidative
stress and inflammation (9-11). Oxidative stress is defined
to be one of the main factors of neural damage after injury
(13,14). Recent studies have shown that inhibiting oxidative
stress after peripheral nerve injury could accelerate the repair
process and improve the functional recovery after nerve
injury (12,16,17). However, whether isoquercitrin is capable
of suppressing oxidative stress to promote nerve repair and
functional recovery remains to be elucidated. Our results
revealed that isoquercitrin can suppress oxidative stress via
reducing the production of Nox4 and Duox1, and promoting
the expression of Nrf2 and SOD2, which demonstrated
that isoquercitrin might promote nerve regeneration and
functional recovery by inhibiting oxidative stress.

Conclusions

The current study demonstrated that isoquercitrin
might promote nerve regeneration and functional
recovery by inhibiting oxidative stress (Figure 9), which
extracted the feasibility of using isoquercitrin as a
potential neuroprotective drug for peripheral nerve repair
applications. However, numerous in-depth studies, such as
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Figure 9 A scheme for isoquercitrin promoting nerve regeneration
and functional recovery, and alleviating muscle atrophy by

inhibiting oxidative stress.

the precise molecular mechanisms, still need to be pursued
before application of isoquercitrin in clinical settings.
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