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Background: Peripheral nerve injury (PNI) is a common and progressive disorder with sensory and motor deficits in the pe-
ripheral nervous system (PNS). Treatment is difficult, with unfavorable prognosis. Green tea polyphenols (GTPs)
exert neuroprotective effects on regeneration of the central nervous system (CNS). However, the effects of GTPs
on functional recovery of the PNS have not been fully characterized. Consequently, the present study investi-
gated the effects of GTPs on nerve regeneration of rats with PNI.

Material/Methods: The model of PNI was established in rats by sciatic nerve injury (SNI). Adult male Wistar rats with SNI were
randomly divided into a vehicle group and a GTPs group. The compound muscle action potential (CMAP) of rat
sciatic nerves (SN) was measured using the CM6240 physiological signal acquisition and processing system.
The wet weight of the triceps muscle was determined using an analytical balance. The number of myelinated
nerve fibers was counted under an optical microscope. Ultrastructure of the regenerated nerves in SN was ob-
served by transmission electron microscopy. The mRNA and protein expression of nerve growth factor (NGF),
growth-associated protein-43 (GAP-43), neurofilament 200 (NF200), and myelin-associated glycoprotein (MAG)
in SN stumps were measured by real-time quantification PCR (RT-qPCR) and Western blot, respectively.

Results: In rats with SNI, GTPs relieved the adhesion between nerve anastomosis and surrounding tissues, and signifi-
cantly increased nerve conduction velocity, wet weight of the triceps muscle, and development and axonal re-
generation of myelinated nerve fibers. Moreover, GTPs promoted the mRNA and protein expressions of NGF,
GAP-43, NF200, and MAG in SN stumps.

Conclusions: GTPs promotes nerve regeneration in rats with SNI.
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Background

The PNS, which links the CNS (spinal cord and brain) and the
rest of body, is fragile and easily damaged. PNI, which results
from trauma or acute compression, accounts for approxi-
mately 1.5-4.0% of the world’s annual new trauma cases [1].
Nerve regeneration in PNI depends on recovery of limb func-
tion, and the nerve growth rate is a key factor in muscular at-
rophy [2]. Currently, there is no effective therapy for repair of
PNI or prevention of muscle atrophy and treatment for nerve
regeneration after PNI.

Numerous scholars have explored various treatments for PNI
repair, and showed protective effects on nerve regeneration.
For instance, laser phototherapy restores denervated muscle
atrophy and promotes nerve regeneration of PNI [3], neural
conduit is applied for PNI repair [4], 4-aminopyridine (4-AP)
promotes recovery of acute PNI and myelin regeneration in
rats [2], and vitamin supplements are beneficial for nerve re-
generation in acute PNI [5]. However, adverse effects exist,
and an accessible, convenient method without adverse ef-
fects is urgently needed.

GTPs, the major bioactive compounds of green tea, exert var-
ious functions, with anti-oxidation [6], anti-inflammation [7],
and anti-cancer [8] effects. In addition, GTPs exhibit protective
effects in the CNS. For instance, GTPs stabilize mitochondria
in brain neurodegenerative diseases via antioxidants [9], and
GTPs alleviate nerve damage after focal cerebral ischemia [10].
However, the effects of GTPs in the PNS have not been inves-
tigated. Therefore, the present study was performed to assess
the effects of GTPs in the PNS and to lay a theoretical founda-
tion for clinical application of GTPs.

Material and Methods

Animals

Adult male Wistar rats weighing about 170-190 g were pur-
chased from the Laboratory Animal Center of Fujian Medical
University (Fuzhou, China). Rats were kept in stable conditions
of 22+3°C, 55% relative humidity, and 12-h light/dark cycle
with food/water ad libitum. Animal care and procedures were
approved by the Animal Use and Care Committee of Huashan
Affiliated Hospital of Fudan University, and the study was per-
formed strictly following the guidelines.

Establishment of SNI model in rats
After intraperitoneal injection of 10% chloral hydrate

(0.5 ml/100 g) into each rat, a longitudinal incision (2.5 cm in
length) was made in the posterior part of the right lower limb
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femur. Under an operating microscope (Carl Zeiss, Germany),
the muscular membranes were cut from the gap between
the semitendinosus, semimembranosus, and biceps femo-
ris. By the suspension method, the gluteus maximus muscle
was stretched, and the SN was fully exposed. The SN was cut
with a sterile blade 0.8 cm below the lower edge of the piri-
formis muscle, and the wound was sutured with aseptic 11-0
noninvasive nylon thread, while the epineurium was sutured
with 4-6 needles. Subsequently, the incision was closed layer-
by-layer with sterile 1-0 suture. A microsuture was placed on
the epineurium of the anastomosis and served as a marker.

Groups

Adult male Wistar rats were randomly divided into 2 groups:
a vehicle group and a GTPs group. Rats in the 2 groups un-
derwent end-to-end neurorrhaphy after the right SN was sev-
ered. Subsequently, rats in the vehicle group were intraperito-
neally injected with saline for 2 weeks, while those in the GTPs
group were intraperitoneally injected with GTPs (50 mg/kg/d,
Herbking Biotechnology, Xi’an, China) for 2 weeks.

General observation

At weeks 2, 4, 6, and 8 after establishment of the SNI mod-
el in 30 rats, the mental state, activity, healing of the wound,
and the occurrence of plantar ulcer in each rat were close-
ly observed, and the color, texture, and adhesion surround-
ing tissues of the injured SN were also observed. These ob-
servations were also made in the 30 rats in the vehicle group.

Neuro-electrophysiological examination

At weeks 2, 4, 6, 8, and 12 after SNI, 6 rats were taken from each
time-point in the vehicle group and GTPs group and anesthe-
tized by intraperitoneal injection of 20% uratan (0.6 ml/100 g)
prior to neuro-electrophysiological examination. Briefly, the
muscle was first separated, and the right SN, tibial nerve, com-
mon sural nerve, gastrocnemius, and anterior tibial muscle
were exposed. Then, the stimulating electrodes were placed
1.0 cm apart in the proximal end and distal end of the nerve
junction, while the recording electrode was obliquely inserted
at an angle of 45 degrees into the mid-abdomen in the tibi-
alis anterior muscle. The reference electrode was inserted at
the tibialis anterior muscle insertion point, while the ground-
ing electrode was inserted into the tissue between the stim-
ulating electrodes and the recording electrode. The CMAP of
rat SN was measured using the CM6240 physiological sig-
nal acquisition and processing system (Chengdu Instrument
Factory, Chengdu, China), with a frequency of 1 Hz, current of
2 mA, and wave length of 0.2 ms, during which the muscles
and nerves were kept moist by saline.
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Measurement of tricipital muscle wet weight

To assess the growth rate after nerve transection and anasto-
mosis, the tricipital muscle wet weight was measured from the
4t week to 12t week after establishment of the SNI model,
with 6 rats for each time-point at weeks 4, 6, 8, and 12 after
SNl in the vehicle group and GTPs group. After the neuro-elec-
trophysiological examination, the whole tricipital muscle was
removed, and the wet weight of the right triceps muscle was
weighed using an analytical balance, with the left triceps mus-
cle serving as the control. The muscle recovery rate was cal-
culated by the following formula: ipsilateral tricipital muscle
wet weight/contralateral tricipital muscle wet weight x100%.

Optical microscopy observation

After the neuro-electrophysiological examination at weeks 2, 4,
6, and 8 after SNI, the distal nerve segment of the anastomot-
ic site from 6 rats in the vehicle group and 6 rats in the GTPs
group was fixed in glutaraldehyde buffer (pH 7.4, 0.1 mol/L)
and 2% osmium tetroxide, dehydrated by a series of etha-
nol, and embedded in epoxy resin, successively. Thereafter,
the 3-uym semi-thin sections 0.5 cm from the distal end of the
nerve anastomosis were stained with toluidine blue, then the
regenerated nerve fibers and myelin sheaths were observed.
The images were observed under a light microscope (Carl Zeiss,
Germany) and 5 random fields were photographed using a col-
or digital camera (DC 300F). The total number of myelinated
nerve fibers was counted.

Transmission electron microscopy observation

Ultrastructure of the regenerated nerves in SN was observed
by transmission electron microscopy using the following pro-
tocol. In brief, at week 8 after SNI, samples from 6 rats in the
vehicle group and 6 rats in the GTPs group were fixed in glu-
taraldehyde buffer (pH 7.4, 0.1 mol/L) and 2% osmium tetrox-
ide successively, followed by dehydration with a series of eth-
anol, then the samples were embedded in epoxy resin. A Leica
UC6 ultra-microtome was used to slice 70-nm ultrathin sec-
tions, which were stained by lead and uranium. Eventually,
the slices were visualized with a HT 7700 TEM (HITACHI, Japan).

We measured the axonal diameter and myelin sheath thick-
ness. The G-ratio was calculated with the followed equation:
G-ratio=axonal diameter/axonal diameter+myelin sheath
thicknessx2.

RT-qPCR
At week 8 after SNI, total RNA was extracted from SN stumps by

TRIzol® (Thermo Fisher Scientific, Inc.). RNA concentration was
measured by NanoDrop™ 2000 (Thermo Fisher Scientific, Inc.),
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followed by reverse-transcription into cDNA by PrimeScript RT
Master Mix (Takara Bio, Inc., Otsu, Japan). qPCR was carried
out using SYBR Premix Ex Taq (Takara Bio, Inc.) on a CFX96
(Bio-Rad Laboratories). GAPDH was used as an internal refer-
ence. Gene expression was analyzed by 2724¢a,

Western blot

At week 8 after SNI, SN stumps were lysed by radioimmunopre-
cipitation assay lysis buffer (Beyotime Biotechnology, Shanghai,
China) supplemented with protease inhibitor (Sigma-Aldrich).
The protein concentration was measured by bicinchonin-
ic acid assay (Beyotime Biotechnology) and protein samples
(15 pg/lane) were separated by 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvi-
nylidene fluoride membranes (Millipore). The membranes were
blocked by 5% non-fat milk before incubation with primary
antibodies against NGF, GAP-43, NF200, MAG, and GAPDH at
4°C overnight and goat-anti-rabbit peroxidase-conjugated sec-
ondary antibody at room temperature for 2 h. Protein bands
were visualized by enhanced chemiluminescence detection
reagents (Thermo Fisher Scientific, Inc). GAPDH was used as
a loading control.

Statistical analysis

Statistical analyses were carried out using SPSS 17.0 (SPSS
Software, IBM, USA). Results are expressed as means+standard
deviation (SD). Statistical comparisons between 2 groups were
performed using the unpaired t test. Differences were consid-
ered significant when P<0.05.

Results

General situation of rats after SNI

At week 2 after establishment of the SNI model, 30 rats in the
vehicle group and 30 rats in the GTPs group exhibited vary-
ing degrees of foot/ankle swelling, gait instability, and foot
dragging. In addition, in the vehicle group, 3 cases of plan-
tar ulcer occurred, which healed at week 7 after SNI, with an
obvious scar. However, in the GTPs group, only 1 case of plan-
tar ulcer occurred, and the ulcer healed at week 4 after SNI,
with a mild scar.

Neurological observation

At week 8 after the establishment of SNI, in 6 rats of the ve-
hicle group the SN was hard and extensively adhered to the
surrounding tissues, and there were few nutrient vessels on
the nerve surface (Figure 1A). However, the 6 rats in the GTPs
group had better flexibility and toughness of the SN, less
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Vehicle group

GTPs group

Figure 1. Neurological morphology of SN. The adhesion between nerve anastomosis and surrounding tissues in vehicle group (A) and

GTPs group (B) (n=6).

adhesion to the surrounding soft tissues, and many more nu-
trient vessels were found on the surface (Figure 1B). In sum-
mary, the adhesion between nerve anastomosis and surround-
ing tissues of rats in the GTPs group was not as serious as in
the vehicle group.

Measurement of nerve conduction velocity

At weeks 2, 4, 6, 8, and 12 after SNI, the mean conduction
velocity of SN was measured in the vehicle group (n=6) and
GTPs group (n=6) (Figure 2). At weeks 2, 4, 6, and 8 after SNI,
the mean nerve conduction velocity in the GTPs group was
significantly higher than that in the vehicle group (P<0.01,
Table 1), while at week 12 after SNI, there was no significant
difference in nerve conduction velocity between the vehicle
group and GTPs group (P>0.05, Table 1).

Measurement of wet triceps weight and muscle fiber area

At weeks 4, 8, and 12 after SNI, the muscle recovery rate in
the GTPs group was significantly higher than that of the vehi-
cle group (P<0.01, Table 2).

Number of myelinated nerve fibers

At week 8 after the establishment of SN, in the vehicle group
(n=6) the morphology of nerve tissue was poor, the main type
of regenerated nerve fiber was small-diameter myelinated fiber,
the arrangement of myelin sheath was not regular, the maturity

of myelin sheath and axon was somewhat poor, the number
and density of myelin sheath and axon were low, and the pro-
liferation of connective tissue was high (Figure 3A). Compared
with the vehicle group, the arrangement of regenerated my-
elinated nerve fibers was more compact, neater, and denser,
the diameter of regenerated nerve fibers was larger, and the
proliferation of connective tissue was less in the GTPs group
(n=6) (Figure 3B).

In addition, the number of myelinated nerve fibers in the GTPs
group was significantly higher than that in the vehicle group at
weeks 2, 4, 6, and 8 after SNI (P<0.01, Table 3), while no signif-
icant difference was observed between the vehicle group and
GTPs group at week 12 after SNI (P>0.05, Table 3).

Ultrastructure of regenerated nerves

At week 8 after the establishment of SNI, in the vehicle group
(n=6) the nerve was mainly composed of small and medium-
sized myelinated nerve fibers, with sparse, thin, uneven thick-
ness and orderly arrangement of the myelin sheath (Figure 4A).
In the GTPs group (n=6) well-developed myelinated nerve fi-
bers occurred, with clear structure, distinct layers, and regu-
lar/tight arrangement of myelin sheaths, while the regener-
ated nerve fibers were slightly uneven in thickness, thin in
myelin sheath, and had a moderate number of unmyelinated
nerve fibers (Figure 4B). In addition, the corresponding axonal
diameter was larger (P<0.001), the myelin sheath was thick-
er (P<0.001), and the G-ratio was smaller (P<0.05) in the GTPs
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Figure 2. Conduction velocity of SN. At weeks 2, 4, 6, 8, and 12 after SNI, the mean conduction velocity of SN in vehicle group (A) and
GTPs group (B) was measured by CM6240 physiological signal acquisition and processing system (n=6).

Table 1. Nerve conduction velocity at week 2, 4, 6, 8 and 12 after SNI (n=6).

Time Vehicle group GTPs group t P
Week 2 12.23+1.67 20.54+2.15 7.48 <0.01
CWeeks 15961365 25131426 a0 001
CWeeks 2143402 3023435 64 001
Weeks  2798ta1s 3766488 s;0 001
Week12  a20ss512  4698sses 18 005
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Table 2. The recovery rate of wet triceps weight at week 4, 8, 12 after SNI (n=6).

Time Vehicle group GTPs group t P
Week 4 40.231+4.67 61.54+4.15 8.36 <0.01
Weeks 6243500 8023535 s94 ol
Week12  s20ss522  9sosses aas o1

Figure 3. Transverse section of SN. The regenerated nerve fibers and myelin sheaths in vehicle group (A) and GTPs group (B) were

measured by optical microscopy (n=6).

Table 3. Number of myelinated nerve fibers at week 2, 4, 6, 8 and 12 after SNI (n=6).

Vehicle group (10%)

GTPs group (10%)

Week 2 45.22+3.66 60.24+4.45 6.39 <0.01
Week4  soe6436 76878503 o4 <ol
Weeks 7036623 o875:68 749 ol
Weeks  s93ss8as 118952859 602 o1
CWeek12 140008821 150008827 210 005
group than in the vehicle group (Table 4). These results show  Discussion

that nerve regeneration in the GTPS group was significantly
better than in the vehicle group.

Underlying molecules in SN stumps

At week 8 after the establishment of SNI, expression of NGF,
GAP-43, NF200, and MAG in SN stumps was significantly high-
er in the GTPs group (n=6) than in the vehicle group (n=6)
(Figure 5A-5C).

PNI accounts for approximately 1.5-4.0% of the world’s annual
new trauma cases [1]. Many drug-based treatments have been
explored for PNI repair. For instance, 4-AP promotes recovery
of acute PNI and myelin regeneration in rats [2], vitamin sup-
plements are beneficial for nerve regeneration in acute PNI [5],
genistein is an adjuvant therapy for PNI [11], and these effects
may be related to changes in estrogen level [12]. However,
adverse effects exist, and there is an urgent need to find a
convenient and accessible treatment without adverse effects.

GTPs in green tea exhibit protective effects in the CNS. For in-
stance, GTPs prevent brain degenerative diseases [9,13,14] and
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GTPs group

TN

Figure 4. Ultrastructure of regenerated nerves in SN. The regenerated nerves in vehicle group (A) and GTPs group (B) were tested by

a transmission electron microscopy (n=6).

Table 4. Ultrastructure of regenerated nerves at week 8 after SNI (n=6).

Group Vehicle group GTPs group t P
Axonal diameter (um) 4.56+0.28 5.81+0.28 7.82 <0.001
myelin sheath thickness (um) 215008 300t004 7o w0001
Grato 0s1:002 oas001 5.0 w0os
A B C
] Bor o A * i L

GAP-43

Relative mRNA expression

e

GAPDH o
NGF GAP-43  NF200 MAG Vehicle

Relative protein expression

GIPs NGF

GAP-43  NF200 MAG

Figure 5. Underlying molecules in SN stumps. Expression of NGF, GAP-43, NF200, and MAG in SN stumps in vehicle group and GTPs
group (A-C) was measured by RT-qPCR and Western blot (n=6). P<0.01, GTPs group vs. vehicle group.

cerebral ischemic diseases [15]. In addition, GTPs reduce the
immune response and injury of transplanted PN in rats [16];
and (-)-epigallocatechin gallate (EGCG) in GTPs improves the
survival of motor neurons after PNI [17]. The effects of GTPs
on the PNS have not been previously investigated, and the
present study aimed to determine whether GTPs can promote
nerve regeneration in rats after PNI. The concentration of GTPs
was first explored prior to performing the present study. Low
and medium doses of GTPs are beneficial for hepatotoxicity

and nephrotoxicity [18], while high doses of GTPs cause hep-
atotoxicity [19], which agrees with our initial preliminary
work (data not shown) in which 3 doses of GTPs were tested:
50 mg/kg/d, 100 mg/kg/d, and 200 mg/kg/d. However, 1 rat
died in the 100 mg/kg/d dosage group, and all rats died in
the 200 mg/kg/d dosage group, due to respiratory tract dis-
ease, digestive tract disease, and eye congestion. All rats in
the 50 mg/kg/d dosage group survived; thus, it was chosen
for use in the subsequent experiments.
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GTPs not only reduces lymphocyte production of pro-inflam-
matory cytokines, but also reduces inflammation around trau-
ma [7]. Overexpression of inflammatory mediators in osteoar-
thritis can be inhibited by EGCG in GTPs [20]. GTPs also increase
the production of vascular endothelial factors [21]. The present
study found less adhesion between nerves and surrounding tis-
sues at anastomotic stoma in the GTPs group than in the vehi-
cle group, which may be due to the anti-inflammatory effects
of GTPs; additionally, GTPs promote the regeneration of blood
vessels around the injury, which may be responsible for the
abundant capillaries around the nerve anastomosis. The slight
inflammation in nerve anastomosis in the GTPs group may
be related to the anti-inflammation effects of GTPs [22-24].

GTPs not only reduce blood sugar and lipids by inhibiting ap-
petite and nutrient absorption, but also participate in lipid
metabolism by regulating glycogen and lipid synthesis en-
zymes in the liver [25]. Furthermore, it can even change the
expression of obesity genes of rats [26]. Nerve regeneration
after PNI depends on recovery of limb function, and the nerve
growth rate is a key factor affecting muscular atrophy [2]. In
the present study the weight gain was slower and the recov-
ery rate of wet triceps weight and nerve conduction velocity
were faster in the GTPs group, indicating that GTPs stimulate
nerves, promote the recovery from muscle atrophy, and im-
prove the activity of affected limbs, despite its inhibitory ef-
fects on appetite and fat synthesis in rats.

Cells that function in nerve regeneration attracted our atten-
tion. Schwann cells (SCs) are precursor cells with reversible
differentiation and different morphologies/functions, consist-
ing of myelin- and non-myelin-forming cells [27]. In addition,
SCs synthesize and secrete various NGF, neurotrophic factor
(NTF), nerve cell adhesion factor (NCAF), and basement mem-
brane adhesion proteins [28,29]. SCs play an important role
in nerve regeneration [30]. For instance, at the axotomy of
the CNS, most axons of the implanted SCs grow rapidly into
the distal nerve of the graft, whose growth direction is con-
sistent with the arrangement of SCs [31]. The present study
found that nerve recovery in the GTPs group was much fast-
er than that in the vehicle group, regardless of the number of
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myelinated nerve fibers, thickness of the myelin sheath, and
morphology of SCs. The underlying mechanisms responsible
for the effects of GTPs remain to be investigated. GAP-43 is
a specific protein expressed during nerve regeneration and
its high expression is associated with active nerve regenera-
tion [32]. As one of the 6 growth factors, NGF functions in the
survival and differentiation of neurons in the CNS [33] and
its expression is increased in Schwann cells during nerve re-
generation [34]. MAG is involved in the formation and main-
tenance of myelin [35], and NF200 is a marker of myelinated
neurons [36]. The expression of NGF, GAP-43, NF200, and MAG
in SN stumps was observed to be higher in the GTPs group
than in the vehicle group.

Interestingly, there are also other agents applied for treatment
of PNI. For instance, quercetin induces neurite growth by pro-
moting GAP-43 expression [37], and isoquercitrin promotes
peripheral nerve regeneration and remyelination after sciat-
ic crush injury in mice [38]. The effects of GTPs on peripher-
al nerve regeneration and remyelination are similar to those
of isoquercitrin.

In rats with SNI, GTPs relieved the adhesion between nerve
anastomosis and surrounding tissues and improved the mus-
cle recovery rate. At weeks 2, 4, 6, and 8 after SNI, the mean
nerve conduction velocity and the number of myelinated nerve
fibers in the GTPs group were higher than those in the vehicle
group, while there was no significant difference at week 12 af-
ter SNI, which suggests that SN regeneration had occurred by
week 12 after SNI in rats, and this effect warrants further study.

Conclusions

The present study demonstrated that GTPs promote recov-
ery from PNI.
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