
Am J Transl Res 2019;11(3):1311-1326
www.ajtr.org /ISSN:1943-8141/AJTR0085734

Original Article
Catalpol improves axonal outgrowth and reinnervation 
of injured sciatic nerve by activating Akt/mTOR pathway 
and regulating BDNF and PTEN expression

Huifeng Zhu1,2, Yuan Wang1,2, Xian Yang3, Guoran Wan4, Yan Qiu1,2, Xiyue Ye1,2, Yuqing Gao1,2, Dong Wan5

1College of Pharmaceutical Sciences and Traditional Chinese Medicine, Southwest University, Chongqing 400715, 
China; 2Engineering Research Center for Chongqing Pharmaceutical Process and Quality Control, Chongqing 
400715, China; 3Department of Pharmacy, The Seventh People’s Hospital of Chengdu, Chengdu 610041, 
China; 4Class 7 Grade 1, Chongqing Three Gorges Medical College, Chongqing 400016, China; 5Department of 
Emergency and Critical Care Medicine, The First Affiliated Hospital of Chongqing Medical University, Chongqing 
400016, China

Received September 19, 2018; Accepted January 9, 2019; Epub March 15, 2019; Published March 30, 2019

Abstract: Aim: This study aimed to investigate the effects of catalpol on sciatic nerve crush injury (SNCI) and further 
explore the role of Akt/mTOR pathway in its pharmacological efficacy. Methods: Mice with SNCI in the right were 
treated with catalpol. Rapamycin was used to block mTOR signal activation. After sciatic motor nerve function was 
observed, the gastrocnemius muscles, injury sciatic nerve and spinal cord L4-L6 were isolated. TUNEL staining 
was done to assess the neuronal apoptosis; Transmission electron microscopy (TEM) was performed to observe 
the microstructure of regenerated myelinated nerve fibers. The expression of proteins in Akt/mTOR pathway, those 
related to axon regeneration and cell apoptosis was detected by Western blotting. Brain derived neurotrophic factor 
(BDNF), phosphatase and tensin homolog deleted on chromosome ten (PTEN), growth associated protein-43 (GAP-
43), pro- and anti-apoptosis protein including Bax and BCL-2. Results: Catalpol significantly improved the function 
of injured sciatic motor nerve and facilitated the sciatic motor and sensory nerve fiber growth and the reinnervation 
of gastrocnemius muscles. TEM showed catalpol increased the density and thickness of regenerated myelinated 
nerve fibers, which exhibited a regular arrangement. Catalpol significantly reduced the number of apoptotic cells 
and increased the Bcl-2/Bax ratio in the L4-L6 spinal cord anterior horn. Importantly, catalpol significantly increased 
the expression of p-Akt, p-mTOR, p-p70S6K, GAP-43 and BDNF, but decreased PTEN expression. Blockade of mTOR 
activation was partially abrogated by catalpol. Conclusion: Catalpol may improve SCNI by enhancing the axonal 
growth via activating the Akt/mTOR pathway and modulating BDNF and PTEN expression.
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Introduction

Peripheral nerve injury may result in severe dis-
ability, causing potentially devastating impact 
on the patient’s quality of life and substantially 
increasing social and personal costs [1]. Unlike 
the central nervous system (CNS), the periph-
eral nervous system (PNS) is able to regenerate 
spontaneously after injury. Theoretically, after 
a peripheral nerve injury, functional recovery 
may be achieved if the injured neurons survive 
and the interrupted axons regrow along the dis-
tal stump and re-establish functional connec-
tions with its appropriate targets. However, the 
functional outcomes are often unsatisfactory 

after peripheral nerve injury, primarily due to 
the death of neurons and non-neuronal cells in 
the spinal cord, insufficient axon regeneration, 
misdirection of regenerating axons and inaccu-
racy of muscle reinnervation [2, 3]. Thus, it is 
imperative to develop strategies that can re- 
duce cell death in the spinal cord, promote axo-
nal outgrowth and enhance reinnervation of the 
denervated targets after peripheral nerve 
injury.

Naturally, after peripheral nerve injury, the prox-
imal nerve stump will spontaneously regener-
ate and reinnervate its targets by activating the 
intrinsic growth capacity of neurons. However, 
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the intrinsic growth capacity of mature neurons 
is usually diminished, resulting in suboptimal 
axonal regeneration. Therefore, to enhance the 
intrinsic growth capacity of neurons is impor-
tant for the optimal axonal regeneration in the 
PNS. It has been shown that the diminished 
regenerative ability of peripheral nerves is 
linked to the down-regulation of Akt/mTOR 
pathway [4]. Genetic up-regulation of mTOR 
activity in the PNS dorsal root ganglion (DRGs) 
neurons or adult CNS retinal ganglion cells 
(RGCs) is sufficient to enhance axonal growth 
capacity in vitro and in vivo [4, 5]. However, 
genetic activation of mTOR in DRGs facilitates 
axonal regrowth, leading to target innervation 
defect [4]. Thus, the manipulation of mTOR 
activity with non-genetic methods may be con-
sidered. Although the drugs currently used for 
nerve regeneration are not available in clinical 
practice, several agents have been studied to 
show considerable promise in inhibiting neuro-
nal death and promoting axonal outgrowth 
after peripheral nerve injury [6-10]. Of interest, 
pharmacological restriction of the phospha-
tase and tensin homolog deleted on chromo-
some ten (PTEN), a negative regulator of mTOR 
activation, was found to enhance the intrinsic 
growth of corticospinal tract axons after spinal 
cord crush injury in mice, and these axons also 
generated anatomical synapses with appropri-
ate targets [10]. Thus, pharmacological regula-
tion represents a promising strategy for manip-
ulating mTOR activity to achieve functional axo-
nal regeneration. Catalpol is one of the major 
active components in Rehmannia and serves 
as a marker substance in the chemical evalua-
tion or standardization of Rehmannia and its 
products [11]. In recent decades, a great num-
ber of chemical and pharmacological studies 
have shown that catalpol a member of iridoid 
glucosides family and its molecular formula is 
C15H22O10 (IUPAC name: β-D-glucopyranoside, 
(1aS,1bS,2S,5aR,6S,6aS)-1a,1b,2,5a,6,6a-
hexahydro-6-hydroxy-1a-(hydroxymethyl)oxire-
no[4,5]cyclopenta[1,2-c]pyran-2-yl). Catalpol is 
prevalent in the roots of Rehmannia glutinosa 
and may exert potential therapeutic effects on 
many diseases, such as diabetes, stroke, Al- 
zheimer’s disease and Parkinson’s disease [12-
17]. Furthermore, catalpol may also act as a 
pleiotropic neuroprotectant, exerting protective 
effects on neurons, astrocytes, vascular cells, 
and oligodendrocytes in vitro and in vivo [18-
23]. In addition, catalpol can modulate Bcl-2 
and Bax expression to inhibit neuronal apopto-

sis in the hippocampus after ischemic injury 
[19], promote axonal growth from neurons, and 
increase the number of synapses in the isch-
emic brain. Moreover, catalpol enhances hippo-
campal neuroplasticity by up-regulating PKC 
and BDNF expression in aged rats [11]; it also 
protects forebrain neurons from neurodegen-
eration and promotes neurite growth by increas-
ing BDNF expression [21]. As shown in our 
recent study, 5 and 10 mg/kg catalpol improved 
neurobehavioral outcome of rats after stroke, 
which was related to the up-regulated GAP-43 
and VEGF expression in the brain [12, 23]. 
Based on available findings, catalpol may exert 
neuroprotective effects and promote axonal 
growth in CNS. However, its effects on the 
peripheral nerve injury and the potential mech-
anisms remain unclear. The present study 
aimed to investigate the neuroprotective eff- 
ects and axonal growth-promoting effects of 
catalpol in a sciatic nerve crush injury (SNCI) 
mouse model and further explore the possible 
of Akt/mTOR pathway in these effects. 

Materials and methods

Animals and surgical procedures

Experiments were performed in accordance 
with Chinese Guidelines for the Care and Use of 
Laboratory Animals. All protocols were approved 
by the Animal Experimental Ethics Committee 
of Southwest University. Adult male Kunming 
mice weighing 25-30 g were purchased from 
the Laboratory Animal Center at Chongqing 
Medical University. Animals were housed for 
one week and then subjected to SNCI using a 
previously described method [24], with minor 
modifications. Briefly, mice were intraperitone-
ally anesthetized with 3.5% chloral hydrate, 
and the right sciatic nerve was exposed and 
clamped at 5 mm proximal to the trifurcation of 
the sciatic nerve with a pair of sterile forceps 
(width 2.0 mm), followed by 90° rotation which 
was remained for 60 sec. The body tempera-
ture was maintained at 37°C with a heating 
pad. During the peri-operative period, animals 
were housed in controlled conditions with a 
12:12 hour light/dark cycle and give ad libitum 
access to food and water. 

Drugs and treatments

Catalpol (molecular formula: C15H22O10; molecu-
lar weight: 362.33 Da) was purchased from Liu-
bobainiao Biotechnology Co., Ltd. (Shijiazhuang, 
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China); its purity was 99.36% as determined by 
high-performance liquid chromatography. Mice 
were divided into five groups: sham group 
(sham), SNCI group (SNCI), catalpol group (Cat), 
rapamycin group (Rapa) and rapamycin plus 
catalpol group (Rapa + Cat). There were 8-10 
mice in each group. Catalpol (Cat) was dis-
solved in normal saline and intraperitoneally 
administered at 10 mg/kg body weight. Ra- 
pamycin (Rapa) was intraperitoneally injected 
at 5 mg/kg body weight. Mice in the Rapa + Cat 
group received an intraperitoneal injection of 
rapamycin 1 h prior to catalpol administration. 
In the sham group, the sciatic nerve was 
exposed, but not subjected to crush injury; in 
the SNCI group, SNCI was introduced, and mice 
were intraperitoneally injected with an equiva-
lent volume of normal saline. Intraperitoneal 
injections were performed 1 h before the sciat-
ic nerve was clamped; catalpol injection was 
repeated once daily for consecutive 7 days; 
rapamycin injection was performed once daily 
for consecutive 2 days after surgery. Drug dos-
ages were selected based on previously report-
ed and preliminary experiments [4, 12, 23, 25].

Reagent

Rapamycin was purchased from Bioduly Bio- 
technology Co., Ltd. (Nanjing, China). Acetyl- 
thiocholine iodide was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Gold chloride was 
purchased from Adamas Reagent Co., Ltd. The 
terminal deoxynucleotidyl TUNEL bright red 
apoptosis detection kit was purchased from 
Vazyme Biotechnology Co., Ltd. (Nanjing, 
China). 

Tissue processing

Animals were euthanatized and perfused with 
cold saline and then with 4% paraformaldehyde 
in 0.01 M phosphate-buffered saline (PBS; pH 
7.35) via the left ventricle on the 7th day after 
surgery. The bilateral gastrocnemius muscles 
were collected for further studies, the injured 
sciatic nerve was then removed, and the L4-L6 
segments of the spinal cord were harvested for 
histological examinations or stored at -80°C for 
Western blotting. Muscle, nerve and spinal 
cord samples were also collected from the cor-
responding level of animals without crush injury 
and used as controls.

Nerve function examination

On the 7th day after surgery, walking track 
examination was performed to assess the sci-
atic nerve function by calculating the sciatic 
functional index (SFI) as previously described 
[2, 26, 27]. Briefly, absorbent paper was placed 
on the floor of the box, and the animal’s paws 
were dipped in ink before it was allowed to walk 
on the white paper. The print length (PL) and 
toe-spread distance between toes 1 and 5 (toe 
spread, TS) were measured with a precision 
device on bilateral footprints. For PL and TS, 
the ratio between the injured and the intact 
paws was calculated, and SFI was calculated 
as follow: SFI = (-51.2 × PLF) + (118.9 × TSF) - 
7.5. In which, PLF = (EPL - NPL)/NPL, TSF = (ETS 
- NTS)/NTS; where “E” and “N” indicate the 
injured and the intact hind foot, respectively. 

Gastrocnemius muscle weight 

On the 7th day after surgery, animals were sacri-
ficed and bilateral gastrocnemius muscles 
were collected, removed, dried with absorbent 
filter paper, and then weighed using an analyti-
cal balance. The ratio of gastrocnemius muscle 
weight (right/left, R/L) was calculated using a 
previously reported method [2] by comparing 
the wet weight of the muscles from the injured 
side with the wet weight of the muscles from 
the contralateral intact side.

Histological analysis

For histological examination, the muscles were 
embedded in Tissue-Tek O.C.T. Serial 6-μm sec-
tions were obtained with Frozen Slicer (Leica 
CM1900, Germany) and mounted onto poly-
lysine-coated slides. Hematoxylin-Eosin (H&E) 
staining was performed using standard pro- 
tocols.

Acetylcholinesterase staining

The MEPs expression was investigated in the 
right gastrocnemius muscles by acetylcholines-
terase (AChE) staining with minor modifications 
[28, 29]. Briefly, fresh gastrocnemius muscles 
fixed with 4% paraformaldehyde in PBS over-
night at 4°C. Cross-sections were obtained 
through the middle of the muscle, incubated 
with stock solution (cupric sulfate: 150 mg, 
glycerin: 190 mg, magnesium chloride: 500 
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mg, maleic acid: 900 mg, 4% sodium hydroxide: 
15 ml, 40% anhydrous sodium sulfate: 85 ml, 
and acetylthiocholine iodide: 100 mg) at pH 6.0 
and 37ºC for 2 h, rinsed with 40% sodium sul-
fate for 15 min, washed with distilled water for 
15 min treated with 20% potassium ferricya-
nide for 15 min, washed with distilled water for 
1 h, dehydrated, and mounted.

Gold chloride staining

The sciatic sensory nerve endings in the right 
gastrocnemius muscles were examined using 
the gold chloride staining [30, 31]. Briefly, the 
tissue was dehydrated in sucrose, treated with 
a lemon juice solution and then with gold chlo-
ride. Tissue samples were embedded in Tissue 
Tek and sectioned at 80 and 100 μm; sections 
were directly transferred onto gelatin-coated 
slides. Slides were processed and mounted. 
The procedure was performed at both 20-22°C 
and 30°C with the exception of sucrose de- 
hydration.

Transmission electron microscopy

Three millimeter nerve segments of the distal 
part of nerve grafts and parallel segments from 
the control nerves were prefixed with a 4% glu-
taraldehyde solution and 1.5% paraformalde-
hyde solution for 2 days at room temperature, 
rinsed with 0.1 M PBS (pH 7.2) thrice (3 min for 
each), postfixed in 1% osmic acid and 1.5% 
potassium ferrocyanide for 1.5 h at 4°C, rinsed 

Apoptotic cells were detected by TUNEL stain-
ing. Briefly, L4-L6 segments of the spinal cord 
were cut into 10-μm section with frozen slicer 
(Leica CM1900, Germany). Tissues were fixed 
with 4% paraformaldehyde in PBS for 1 h and 
permeabilized with 0.1% Triton X-100 and 0.1% 
sodium citrate in PBS for 2 min. TUNEL staining 
was performed according to the manufactur-
er’s instructions. After TUNEL staining, the 
nucleus was labeled with DAPI. A negative con-
trol was created using labeling solution instead 
of the TUNEL reaction mixture. TUNEL-positive 
cells were randomly selected from the spinal 
anterior horn in each section, and a total of 100 
cells were counted by a professional observer 
who was blind to the grouping. The ratio of 
TUNEL-positive cells to total cells was ca- 
lculated. 

Western blotting 

L4-L6 segments of spinal cord were collected, 
homogenized and lysed in RIPA buffer contain-
ing protease and phosphatase inhibitors (Din- 
gguo, China). The protein concentrations were 
determined using the BCA method. Thirty mi- 
crograms of protein were separated on 8-12% 
SDS-PAGE gels and then transferred onto PVDF 
membranes (Millipore, HVPPEAC12). The mem-
branes were incubated with Tris-glycine-me- 
thanol buffer for 2 h at 4°C. After blocking with 
5% bovine serum albumin (BSA), membranes 
were incubated with different primary antibod-
ies overnight at 4°C. All antibodies were diluted 

Table 1. Primary antibodies used in this study
Antibody Antibody Company Dilution
PTEN Rabbit pAb Beyotime 1:1000
Phospho-PTEN (Ser380) Rabbit pAb SBiogot Biotechnology 1:500
Akt Rabbit pAb Dingguo, China 1:1000
Phospho-Akt (Ser473) Rabbit pAb Beyotime 1:1000
mTOR Rabbit pAb Proteintech 1:500
Phospho-mTOR (ser2448) Rabbit pAb Cell Signaling Technology 1:1000
p70s6k Rabbit pAb Proteintech 1:1200
Phospho-P70S6K Rabbit pAb SBiogot Biotechnology 1:500
GAP-43 Rabbit pAb Proteintech 1:1200
Bax Rabbit pAb Proteintech 1:2000
BCL-2 Rabbit pAb Bioss 1:300
BDNF Rabbit pAb Proteintech 1:300
GAPDH Rabbit pAb Proteintech 1:5000
β-Actin Rabbit pAb Proteintech 1:1000
β-Tubulin Rabbit pAb Proteintech 1:1000
Note: pAb: polyclonal antibody.

with 0.1 M PBS (pH 7.2) 
thrice (3  min for each), and 
dehydrated in an ascending 
series of alcohol solutions: 
50% alcohol (10 min), 70% 
alcohol with saturated urani-
um acetate (12 h) at 4°C, 
90% alcohol (10 min), 90% 
ethanol-acetone (10 min), 
90% acetone (10 min), and 
anhydrous acetone (10 min 
× 3). Tissues were then em- 
bedded in Epon812 ethoxy-
line resin, cut into ultrathin 
(100 nm) sections, and sta- 
ined with uranyl acetate and 
lead citrate; nerve regenera-
tion was observed under a 
JEM-1400 transmission ele- 
ctron microscope.

TUNEL staining
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in 5% normal serum in Tris-buffered saline 
(TBS). The primary antibodies and the dilutions 
used are listed in Table 1. Membranes were 
rinsed with TBS containing 0.1% Tween 20 
(TBST). Proteins were visualized with an en- 
hanced chemiluminescence kit (ECL from GE 
Healthcare) using peroxidase-conjugated sec-
ondary antibodies at 1:5000 (Proteintech). Pro- 
tein bands were imaged in a Typhoon Pho- 
sphorImager (GE Healthcare), and the integrat-
ed density of each band was quantified using 
ImageJ software [32].

Statistical analysis

Data are presented as the means ± standard 
errors of the means (SEM). Comparisons we- 
re done using one-way analysis of variance 
(ANOVA) followed by post-hoc Tukey test. A 
value of P < 0.05 was considered statistically 
significant. Statistical analyses were performed 
using SPSS 17.0 software.

Results

Catalpol promoted motor function recovery of 
the injured sciatic nerve by activating mTOR

Sciatic nerve injury increased the PL and 
decreased the TS at the injured side compared 
with the intact side. The SFI was approximately 
0 for non-injured animals and around -100 after 
the sciatic nerve injury [2]. Based on the SFI, 
sciatic nerve motor function began to recover 7 

days after surgery. The SFI in the sham group 
(-7.60±2.17) was nearly 0, indicating that nerve 
function was normal, whereas the SFI in the 
SNCI group (-88.32±4.19) was only approxi-
mately 12% of that in the sham group on day 7 
(P<0.01). A significantly higher SFI was found in 
the Cat group (-70.12±1.90) than in the SNCI 
group (P<0.05), suggesting that catalpol medi-
ates a better recovery. However, the catalpol-
mediated improvement of functional recovery 
was remarkably compromised (-77.53±3.38) 
after mTOR activation was blocked with rapamy-
cin (P<0.05), whereas rapamycin alone deterio-
rated the functional recovery (-90.19±2.80) as 
compared to the SNCI group (P<0.05). Based 
on these findings, catalpol may promote sciatic 
nerve motor function recovery after crush inju-
ry, which may be related to mTOR activation.

Catalpol prevented denervation of the gastroc-
nemius muscles by activating mTOR

The weight of muscles distal to an injured and 
regenerated nerve is proportional to the degree 
of innervation because the denervated mus-
cles suffer from progressive atrophy, and, this 
measurement may reflect the functional recov-
ery [2]. In the present study, the reinnervation 
of the gastrocnemius muscle was examined. 
The gastrocnemius muscle in the SNCI group 
displayed serious damage, with cell edema and 
muscle fiber atrophy, as revealed by the obvi-
ous angularity and vacuolization (Figure 1A). 

Figure 1. Catalpol protects the gastrocnemius muscle from denervation damage. On the 7th day after SNCI, the 
pathological changes in the right gastrocnemius muscle were examined by H&E staining (A-E). (F and G) The weight 
ratio and CSA in the gastrocnemius muscles, respectively. Data are presented as means ± SEM, n=9 mice/group, 
H&E (200 ×), Scale bar = 50 μm. **P<0.01, *P<0.05 vs sham group; #P<0.05 vs SNCI group; and &P<0.05 compared 
with the Rapa group. Cat = Catalpol, Rapa = rapamycin. #P<0.05 vs model group; and &P<0.05 vs rapamycin group.
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However, in the sham group, normal morpho-
logical characteristics were observed, and cir-
cular and polygonal polynuclei and nuclei locat-
ed under the surrounding muscle basement 
membranes (Figure 1B). Moreover, catalpol 
treatment ameliorated the denervation dam-
age to the gastrocnemius muscle; muscle cells 
were not only closely arranged in neat rows but 
the number of sarcolemma nuclei within a unit 
area also increased (Figure 1C). However, blo- 
ckade of mTOR activation by rapamycin partial-
ly abrogated the preventive effects of catalpol 
on the denervation damage to the muscles 
(Figure 1D). Moreover, in the rapamycin group, 
obvious damage was also observed with mus-
cle cell sarcoplasm dissolution and necrosis as 
well as interstitial vessel hyperemia (Figure 
1E). The ratio of gastrocnemius muscle weight 
confirmed these results (Figure 1F). The patho-
logical examination indiates catalpol exerts 
protective effects on the target muscle reinner-
vation by the sciatic nerve, which may be relat-
ed to mTOR activation. We further quantified 
the cross-sectional area (CSA) of the gastroc-
nemius muscle fibers in each group (Figure 1G) 
and results showed a significant difference in 
the CSA between sham group (1102.66±41.46) 
and model group (498.39±21.46, P<0.01). Ca- 
talpol significantly increased the CSA (792.19± 
33.85, P<0.05) as compared to the model 

group, whereas rapamycin markedly decreased 
the CSA (587.84±31.64, P<0.05). Furthermore, 
the combination of catalpol and rapamycin 
yielded a lower CSA (760.77±35.59, P<0.05) 
than catalpol treatment alone. These results 
confirm the preventive effects of catalpol on 
the denervation damage and atrophy of the 
gastrocnemius muscle, which are related to the 
mTOR activation because rapamycin partially 
reverses the protective effects of catalpol.

Catalpol increased the reinnervation of target 
muscles by sciatic motor fibers via activating 
mTOR

AChE staining is used to examine the morphol-
ogy of MEPs in the right gastrocnemius mus-
cles, which reflect the nerve terminal endings. 
The MEPs in the SNCI group showed light blur 
margin, burr-like morphology, and irregular 
shapes (Figure 2A), which were significantly dif-
ferent from those in the sham group (smooth 
margin, clear structure and strong staining) 
(Figure 2B). Catalpol increased the number of 
MEPs with strong AChE staining, and the MEP 
outline was more complete and nearly resem-
bled MEPs in the sham group (Figure 2C). The 
MEPs in the rapamycin group were sparse and 
light, and many diffused MEPs (degenerated) 
were observed (Figure 4E). However, the num-
ber of stained MEPs in the Rapa + Cat group 

Figure 2. Catalpol increased the number of MEPs in the right gastrocnemius muscles. AChE staining (200 ×). (A) 
Model, (B) Sham, (C) Catalpol, (D) Rapa + Cat, (E) Rapa. (F) After mTOR blocking with ra-pamycin, the number of 
MEPs markedly decreased compared with the Rapa + Cat group (P<0.05). Arrows indicate AChE-positive MEPs, 
Scale bar =50 μm. **P<0.01 compared with the sham group; #P<0.05 compared with the model group; and 
&P<0.05 compared with the rapamycin group.
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slightly increased compared 
with the SNCI group or the 
rapamycin group (Figure 2D). 
Moreover, fewer MEPs were 
observed in the SNCI group 
than in the sham group (4.73± 
0.92 vs 17.10±0.87, P<0.01). 
Furthermore, catalpol mark-
edly increased the number of 
MEPs compared with the SNCI 
group (11.94±0.74, P<0.05). 
After mTOR blocking with ra- 
pamycin, the number of MEPs 
markedly decreased com-
pared with the Rapa + Cat 
group (2.88±0.34 vs 8.40± 
1.78, P<0.05) (Figure 2F). Ba- 
sed on these findings, catalpol 
significantly increases the ME- 
Ps reinnervation and mTOR 
activation, leading to the in- 
creased sciatic motor axonal 
growth.

Catalpol enhanced sensory 
nerve fiber outgrowth and 
reinnervation by activating 
mTOR

The gold chloride staining was 
employed for the examination 
of myelinated axons and sen-
sory nerve endings in the right 

Figure 3. Catalpol enhances sensory 
nerve fibers regeneration. Gold chlo-
ride staining (200 ×). Scale bar =50 
µm. (A) SNCI group, (B) sham group, 
(C) Cat group, (D) Rapa + Cat group, 
(E) rapamycin group.

Figure 4. Transmission electron microscopy images of the sciatic nerves in 
each group (5000 ×), scale bar: 2 µm. (A) SNCI group, (B) sham group, (C) Cat 
group, (D) Rapa + Cat group, (E) rapamycin group. Sciatic nerve axons were 
wrapped by thin layers of myelin after crush injury, and catalpol reversed this 
phenomenon, as thicker layers of myelin were observed. Rapa aggravated 
myelin injury, and more debris and demyelination were observed. Catalpol 
reversed the effects of Rapa on the myelination. 
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gastrocnemius muscles, and significant differ-
ence was observed in the pattern of sensory 
innervation among groups. In the sham group, 
the muscle fibers were light reddish purple and 
transparent, and showed distinct cross stria-
tions; the nerve fibers and their endings were 
stained deep purple black with no segmenta-
tion of the axonal materials (Figure 3B). 
However, in the SNCI group, a light pink back-
ground was observed, and the nerve endings 
had a claw-like appearance (Figure 3A). In the 
Cat group, a clear axonal tree-like structure 
with more terminal branches were observed, 
and the intertwined cylindrical sensory nerve 
endings were stained dark purple. Moreover, 
the intramuscular nerve branches clearly dis-
played the typical tube-like appearance (Figure 
3C). In contrast, in the Rapa + Cat group, a 
greater number of elongated nerve fibers dis-
played sparse endings (Figure 3D). Similarly, in 
the rapamycin group, nerve fibers were stained 
pink with a filamentous-like appearance and 
rare endings (Figure 3E). These findings indi-
cate that catalpol enhances sciatic sensory 
nerve fiber outgrowth and reinnervation, in whi- 
ch mTOR plays an important role.

Catalpol improved the regeneration of the my-
elin sheath by transmission electron micros-
copy

In the SNCI group, blurry myelin sheaths were 
observed around the medullary nerve fibers 
and exhibited a lamellar structure, increased 
spaces and cavities, and sparse alignment 
(Figure 4A). However, in the sham group, the 
arrangement and thickness of medullary nerve 
fibers were regular and uniform, and a typical 

Catalpol up-regulated GAP-43 expression via 
mTOR

GAP-43 is a crucial regulator of axonal out-
growth in the developing and regenerating neu-
rons. In the present study, western blotting was 
performed to detect the GAP-43 expression in 
L4-L6 segments of the spinal cord. GAP-43 
expression was significantly higher in the Cat 
group (1.31±0.39) than in the SNCI group 
(0.42±0.11) and sham group (0.85±0.30). Rapa- 
mycin significantly decreased the GAP-43 ex- 
pression (0.40±0.21), and rapamycin suppre- 
ssed the catalpol-mediated increase in GAP-43 
expression (0.81±0.33) (Figure 5A and 5B). 
Based on these results, we concluded that 
catalpol up-regulated the GAP-43 expression in 
the spinal cord connected to the injured sciatic 
nerve, which is dependent on the mTOR 
activation.

Catalpol inhibited apoptosis by activating 
mTOR

The cytoprotective effects of catalpol were 
investigated by TUNEL staining (Figure 6A and 
6B). A remarkable decrease in the number of 
apoptotic cells (TUNEL-positive cells) was found 
in the spinal anterior horn of catalpol-treated 
animals at 1 week post-injury compared to the 
Rapa + Cat and Rapa groups, indicating that 
catalpol inhibited apoptosis by activating mT- 
OR. Western blotting was employed to detect 
the expression of pro-apoptotic Bax and anti-
apoptotic BCL-2 in the L4-L6 segments of the 
spinal cord and results confirmed the inhibitory 
effects of catalpol on cell apoptosis (Figure 6C 
and 6D). Catalpol increased the BCL-2/BAX 

Figure 5. Western blotting shows catalpol-mediated up-regulation of GAP-43 
expression in the L4-L6 segments of the spinal cord. A. Western blotting of 
GAP-43 protein in the L4-L6 segments of the spinal cord; GAPDH served as 
a loading control. B. Quantitative analysis of the ratio of GAP-43 to GAPDH. 
Data are presented as means ± SEM. n=9 mice/group. *P<0.05 vs sham 
group; #P<0.05 vs SNCI group; and &P<0.05 vs Rapa group.

number of nerve fibers were 
observed (Figure 4B). In the 
Cat group, denser and thicker 
regenerated myelin sheath, in- 
creased nerve fibers and irreg-
ular arrangement of regener-
ated myelin sheath were ob- 
served compared with the 
SNCI group (Figure 4C). In the 
rapamycin group, thin, irregu-
lar, blurred and broken myelin 
sheathes were observed (Fi- 
gure 4E), but catalpol also 
reversed the rapamycin-in- 
duced changes in the myelin 
sheathes (Figure 4D).
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ratio and inhibited cell apoptosis, which was 
related to the mTOR activation.

Catalpol activated the Akt/mTOR pathway

The effects of catalpol on the Akt/mTOR path-
way were further investigated in which the 
expression of p-Akt/Akt, p-mTOR/mTOR and 
p-p70S6K/p70S6K was detected. As shown in 
Figure 7A and 7D, catalpol induced a 117.14% 
increase in phosphorylated mTOR (p-mTOR) 
compared to the SNCI group (1.52±0.39 vs 
0.70±0.24, P<0.05). However, the catalpol-
induced increase in p-mTOR was partially abro-
gated by rapamycin, and the rapamycin alone 
remarkably blocked mTOR phosphorylation, 
indicating that catalpol activates mTOR. The 

p70 ribosomal protein S6 kinase (p70S6K) is a 
crucial downstream effector of mTOR, and p- 
p70S6K usually serves as an indicator of mTOR 
activation. As shown in Figure 7B and 7E, catal-
pol dramatically increased p-p70S6K expres-
sion compared with the SNCI group, whereas 
blockade of mTOR activation with rapamycin 
diminished the effects of catalpol, and rapamy-
cin alone significantly reduced the p-p70S6K/
p70S6K ratio. This confirms catalpol induced 
mTOR activation. Furthermore, the effects of 
catalpol on the expression of Akt, an important 
upstream regulator of mTOR, were investigated 
to determine whether catalpol directly or indi-
rectly modulates mTOR activity. In the SNCI 
group, the expression of total Akt (t-Akt) and 
phosphorylated Akt (p-Akt) reduced compared 

Figure 6. Catalpol inhibits apoptosis and increases BCL-2/BAX ratio by activating mTOR. A. Cell apoptosis was de-
tected in the L4-L6 segments of the spinal anterior horn by DAPI (blue) and TUNEL (red) double staining. B. Quantita-
tive analysis of TUNEL-positive cells. C. Western blotting for BCL-2 and BAX expression; GAPDH served as a loading 
control. D. BCL-2 to BAX ratio. Data are presented as means ± SEM, n=9 mice/group, Scale bar =50 µm. **P<0.01, 
*P<0.05 vs sham group; #P<0.05 vs SNCI group; and &P<0.05 vs rapamycin group.
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with the sham group, whereas catalpol induced 
168.83% increase in p-Akt as compared to the 
SNCI group. Of interest, catalpol-induced p-Akt 

BDNF expression in the spinal cord: an approxi-
mately 2-fold increase in the BDNF expression 
after catalpol treatment compared with the 

Figure 7. Catalpol activates the Akt/mTOR/p70S6K pathway. Western blotting shows the expression of (A) total 
mTOR (t-mTOR), phosphorylated mTOR (p-mTOR), (B) P70S6K, phosphorylated P70S6K (p-P70S6K), (C) Akt and 
phosphorylated Akt (p-Akt) in each group; β-tubulin, β-actin and GAPDH served as loading controls. Quantification 
of (D) mTOR, (E) P70S6K and (F) Akt activation. Data are presented as means ± SEM. n=9 mice/group. *P<0.05 vs 
sham group; #P<0.05 vs SNCI group; and &P<0.05 vs Rapa group.

Figure 8. Catalpol modulates BDNF expression and PTEN activation. West-
ern blotting of (A) BDNF, (B) total PTEN (t-PTEN) and phosphorylated PTEN 
(p-PTEN) expression in the L4-L6 segments of the spinal cord in each group; 
GAPDH and β-actin served as loading controls. Quantification of (C) BDNF 
and (D) the p-PTEN to t-PTEN ratio. Data are presented as means ± SEM 
n=9 mice/group. *P<0.05 vs sham group; #P<0.05 vs SNCI group; &P<0.05 
VS Rapa group.

activation was not abrogated 
by rapamycin-induced mTOR 
blockade, whereas rapamy- 
cin alone significantly reduced 
the p-Akt expression (Figure 
7C and 7F), suggesting the Akt 
is an important target of catal-
pol. These findings indicate 
catalpol activates the Akt/
mTOR pathway.

Catalpol modulated BDNF ex-
pression and PTEN activation

Akt can be activated by multi-
ple factors (such as BDNF and 
PTEN) to either inhibit or acti-
vate mTOR. PTEN is a negative 
regulator of Akt/mTOR activity, 
whereas BDNF is a positive 
regulator of this pathway. We 
hypothesized that catalpol 
could affect Akt/mTOR activity 
by modulating BDNF and PTEN 
expression. As expected, ca- 
talpol significantly increased 
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SNCI group and an 0.2-fold increase compared 
with the sham group. In addition, the catalpol-
induced increase in BDNF expression was 
slightly diminished after the blockade of mTOR 
activity with rapamycin (Figure 8A and 8C). 
Moreover, PTEN phosphorylation was substan-
tially inhibited by catalpol, but total PTEN 
(t-PTEN) and phosphorylated PTEN (p-PTEN) 
expressions significantly increased after mTOR 
activation was blocked with rapamycin, which 
were partially reversed by catalpol (Figure 8B 
and 8D).

Discussion

Our findings indicate the Akt/mTOR pathway is 
activated in the L4-L6 spinal cord connected to 
the injured sciatic nerve, and the blockade of 
mTOR activation with rapamycin diminishes the 
growth capacity of sciatic nerve axons and 
impeds neural functional recovery following 
SNCI, suggesting that mTOR activation contrib-
utes to spontaneous axonal growth. Histo- 
logical, morphological, and neurological exami-
nation reveal that catalpol prevents cell apop-
tosis in the L4-L6 segments of the spinal ante-
rior horn and promotes sciatic sensory and 
motor nerve fiber regrowth and functional 
recovery after crush injury. Furthermore, catal-
pol activates the Akt/mTOR pathway because 
blockade of mTOR with rapamycin partially 
abrogates the pharmacological effects of catal-
pol. In addition, catalpol regulates BDNF and 
PTEN expression in the spinal segments con-
nected to the injured sciatic nerve.

Theoretically, functional deficits following pe- 
ripheral nerve injury are reversed or compen-
sated in a permissive environment, and sponta-
neous axonal regeneration occurs in the PNS 
[2]. However, the apoptosis of neuronal and 
non-neuronal cells and the decreased ability to 
regenerate axons in adults lead to an insuffi-
cient number of axons, and some of the regen-
erating axons fail to generate connections with 
appropriate targets [4]. Thus, many patients 
with peripheral nerve injury exhibit incomplete 
long-term recovery, often with partial or total 
loss of motor, sensory, and autonomic function 
as well as intractable neuropathic pain. Althou- 
gh several pharmacological agents and non-
pharmacological methods have been explored 
and tested in cells and animal models of periph-
eral nerve injuries [1, 6], the current clinical 

therapies are largely ineffective in restoring 
functional recovery. Hence, studies aim to iden-
tify new strategies, including drugs that both 
reduce neuronal death and promote axonal 
outgrowth, that are essential to reverse the 
neurological deficit after peripheral nerve injury 
or a disease. 

The sciatic nerve, which comprises a mixed 
population of motor and sensory axons, is a 
widely used in peripheral nerve regeneration 
studies. When a focal injury is superimposed 
on the nerve, it may exhibit severe regenerative 
failure with slowing motor and sensory recovery 
after 1 week. In this study, the mouse model of 
SNCI was established to observe the effects of 
catalpol on the axonal regrowth and the func-
tional prognosis of sciatic nerve injury. If the 
sciatic nerve is injured, its target muscle usu-
ally becomes atrophic due to denervation. 
Conversely, if the muscle is reinnervated, mus-
cle atrophy may be improved with the function-
al recovery [33]. Our results showed catalpol 
significantly inhibited the gastrocnemius mus-
cle atrophy; the muscle weight recovered to 
61% of that in the sham group and was signifi-
cantly higher than in the SNCI group (P<0.05). 
Furthermore, the CSA of the gastrocnemius 
muscle fibers was determined in each group, 
and results confirmed above findings. This indi-
cates catalpol is able to protect against muscle 
atrophy and improves muscle function. Above 
findings indicate catalpol may promote sciatic 
nerve regrowth and target muscle reinnerva-
tion after injury. 

In our study, SFI was used to determine wheth-
er catalpol affected the regeneration of the sci-
atic nerve, because it is closely related to the 
motor function recovery and the morphological 
and morphometric regeneration of peripheral 
nerves following injury [34]. Results showed 
catalpol significantly improved the neuromus-
cular function which was better than in the 
SNCI group (P<0.05). Moreover, the gastrocne-
mius muscle weight ratio was highly correlated 
with the SFI, indicating that the improvement of 
the gastrocnemius muscle weight was attribut-
ed to appropriate reinnervation. Functional 
recovery is an important outcome of successful 
peripheral nerve regeneration; thus, based on 
our results, catalpol exerts beneficial effects 
on the nerve regeneration.
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In addition, AChE staining was used to display 
MEPs [29], and gold chloride staining was 
employed to examine the myelinated axons and 
sensory nerve endings in the targets [30, 31]; 
thus, the arrival of regenerating axons at the 
distal target muscles and subsequent reinner-
vation can be further investigated [2]. Since 
MEPs are the physiological interface between 
motor neurons and muscle fibers, MEPs within 
a muscle indirectly reflect motor nerve fibers 
and muscle innervation [29]. In the present 
study, the crushed sciatic nerve exhibited a sig-
nificantly reduced number of MEPs, and thinner 
axons and/or fewer nerve endings were also 
observed after gold chloride staining. However, 
catalpol reversed these changes induced by 
crush injury: the number of MEPs and sensory 
nerve endings increased in the target muscles. 
The findings also confirmed the change in SFI, 
suggesting that catalpol contributes to the sci-
atic nerve axonal regeneration and target mus-
cle reinnervation after injury.

TEM was used to observe the structure of 
regenerated nerve fibers. 7 days later, serious 
crush nerve injury was still observed in the 
SNCI group, as shown by sparse and fewer 
numbers of regenerated myelinated nerve 
fibers. However, in the Cat group, dense and 
regularly arranged fibers were observed, and 
catalpol reversed the deterimental effects of 
rapamycin on the repair of nerve crush injury, 
suggesting that catalpol promotes the regen-
eration of myelinated nerve fibers after crush 
injury.

Because successful axon regeneration is 
achieved only if the injured neurons survive and 
restore function after injury, we focus on the 
central surviving cells in the L4-L6 spinal cord 
connected to the injured sciatic nerve, where a 
large number of injured motor neurons are 
undergoing apoptosis [8, 9]. Generally, a large 
amount of axon growth-associated proteins are 
produced at the cell body and transported back 
to the tip of the regrowing axons [35]. Both cell 
survival and protein synthesis are linked to the 
prognosis following nerve injury. In the present 
study, TUNEL staining showed a large number 
of apoptotic cells in the L4-L6 spinal anterior 
horn after SNCI, accompanied by down-regula-
tion of anti-apoptotic BCL-2 and up-regulation 
of pro-apoptotic BAX. These are consistent with 
previously reported in animal models [8, 9]. 

However, catalpol significantly reduced apopto-
sis and concomitantly modulated the BCL-2/
BAX ratio to inhibit apoptosis by up-regulating 
BCL-2 and down-regulating BAX. Meanwhile, 
mTOR blockade by rapamycin partially dimin-
ished the anti-apoptotic effects of catalpol. 
These findings suggest catalpol inhibit apop-
totic cell death in the L4-L6 spinal cord after 
SNCI, which is closely related to mTOR activa-
tion. GAP-43 expression was detected by 
Western blotting to further examine the ability 
of surviving cells to synthesize axon growth-
associated proteins. GAP-43 is an intrinsic fac-
tor required for the axonal regeneration and a 
sensitive and specific marker of nerve repair 
that plays an important role in the nerve growth, 
development and regeneration [36, 37]. GAP-
43 expression was down-regulated in the L4-L6 
spinal cord after SNCI, which may account for 
the poor spontaneous axonal growth. However, 
catalpol strikingly increased the GAP-43 
expression and exerted beneficial effects on 
the motor and sensory nerve regrowth, where-
as mTOR blockade with rapamycin partially 
abrogated the effects of catalpol. Based on 
these results, catalpol not only reduces cell 
death but also promotes the synthesis of axon 
growth-associated proteins through mTOR 
activation.

The mTOR protein is required for cell prolifera-
tion, survival, and axon regrowth [38]. Activation 
of mTOR leads to the activation of its down-
stream effector p70 ribosomal protein S6 
kinase (p70S6K), further initiating the transla-
tion of other proteins, such as GAP-43 [4]. Our 
study showed a decrease in mTOR activation in 
the L4-L6 spinal cord on the 7th day after sciatic 
nerve injury, which might be related to the poor 
axonal growth. These results were consistent 
with previous findings that mTOR activation is 
required for the effective and timely regenera-
tion of peripheral nerves in the PNS [4, 39] or 
forthe regenerative axonal growth in the CNS 
[5]. Catalpol significantly enhanced mTOR acti-
vation, accelerated axonal regeneration and 
concomitantly improved target muscle reinner-
vation, suggesting that mTOR plays a vital role 
in the catalpol-mediated sciatic nerve regrowth 
and prevention of muscle atrophy. Rapamycin 
was used to block mTOR activation in an effort 
to further determine whether catalpol-induced 
axonal regrowth depends on mTOR activation. 
Our results showed rapamycin partially dimin-
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ished the catalpol-induced axonal growth, sug-
gesting that mTOR activation contributes to the 
catalpol-mediated increase in the regenerative 
potential after sciatic nerve injury. 

Although catalpol activates mTOR in the spinal 
cord after SNCI, the mechanism by which catal-
pol modulates mTOR activity remains still 
unclear. Akt is a critical upstream regulator of 
mTOR, and Akt activation may lead to mTOR 
activation. Therefore, we hypothesized that 
catalpol altered Akt phosphorylation, and at 
least partially modulated mTOR activation by 
targeting its upstream regulators. Our results 
showed Akt activation was suppressed in the 
L4-L6 spinal cord after SNCI, which was consis-
tent with previous findings that Akt activation 
was altered in the distal segment of nerves and 
sensory neurons, and a number of Akt targets, 
including mTOR and S6, are also down-regulat-
ed after sciatic nerve injury [38]. However, 
catalpol markedly activated Akt, which was par-
tially abrogated by rapamycin. Consistent with 
our results, catalpol was also found to activate 
the Akt signaling pathway in oligodendrocyte 
progenitors [40] and human endothelium [41]. 
Thus, Akt is another target of catalpol.

Akt integrates a plethora of essential signaling 
pathways in response to diverse stimuli, such 
as growth factors, nutrients, ATP, and reactive 
oxygen species, to control mTOR activation 
[42]. BDNF is required for neuron survival and 
nerve regeneration [43]. The binding of BDNF 
to its TrkB receptor positively regulates Akt 
activity through phosphoinositide 3-kinase 
(PI3K) and subsequently mTOR. In the present 
study, the BDNF expression significantly 
decreased in the L4-L6 spinal cord, whereas 
catalpol markedly up-regulated BDNF expres-
sion. Similar to observations in CNS neurons, 
catalpol also promotes BDNF expression to 
increase neurite outgrowth in vivo and in vitro 
[21]. Based on these findings, catalpol likely 
induces mTOR activation via activating PI3K/
Akt pathway by increasing BDNF expression. 

Although neurotrophic factors are required to 
activate Akt/mTOR pathway, negative modula-
tory factors are also required for the fine control 
of Akt/mTOR activity. PTEN is a negative modu-
latory factor and upstream target of the Akt/
mTOR pathway; PTEN activation leads to a 
decrease in mTOR activity [44]. Inhibition of 

PTEN through either pharmacological blockade 
or local siRNA facilitates the intrinsic regenera-
tive outgrowth of adult peripheral axons [44, 
45], and initiates the regrowth of injured CNS 
axons by activating mTOR [5]; PTEN might act 
as an intrinsic brake on the regenerative out-
growth [45]. As shown in our study, PTEN was 
prominently expressed in the L4-L6 spinal cord 
after sciatic nerve injury, and catalpol signifi-
cantly down-regulated the PTEN expression 
and activation, which accounted for the catal-
pol-mediated activation of Akt/mTOR pathway. 
To our surprise, PTEN expression significantly 
increased and p-Akt expression remarkably 
decreased by rapamycin, which may be 
explained by the negative feedback loop of 
mTOR-S6K1 pathway to the upstream PTEN-
PI3K/Akt cascade [46, 47], but the exact mech-
anism remains to be further elucidated.

Based on our results, catalpol ameliorates the 
denervation and atrophy of the gastrocnemius 
muscles, enhances sciatic motor and sensory 
nerve fiber outgrowth and target reinnervation, 
and subsequently improves sciatic nerve motor 
function after injury. In addition to promoting 
axonal growth, catalpol also effectively inhibits 
apoptosis in the L4-L6 segments of the spinal 
cord anterior horn. These effects are linked to 
mTOR activation since blockade of mTOR acti-
vation with rapamycin partially abrogates the 
effects of catalpol. Meanwhile, catalpol acti-
vates the Akt/mTOR pathway, up-regulates 
BDNF expression and down-regulates PTEN 
expression. Modulation of BDNF and PTEN 
expression by catalpol may underlie its activa-
tion of the Akt/mTOR pathway. These findings 
suggest catalpol may become a potential drug 
for the treatment of peripheral nerve injury. 
However, there were still limitations in the pres-
ent study. The alterations in the spinal cord and 
the target muscle of sciatic nerve were 
observed, but the changes in the proximal and 
distal nerve stumps were not investigated. 
Although catalpol effectively promoted axonal 
outgrowth, we did not distinguish among axo-
nal regeneration, sprouting and remodeling. In 
addition, the mechanism by which catalpol acti-
vates the Akt/mTOR pathway remains still 
unclear. Furthermore, the combinations of 
catalpol with other surgical, genetic or pharma-
ceutical methods in the treatment of peripheral 
nerve injury and related diseases are also war-
ranted to confirm.
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In conclusion, catalpol not only promotes sci-
atic nerve axonal outgrowth and reinnervation 
after injury but also inhibits apoptosis in the 
spinal cord connected to the injured sciatic 
nerve. The cytoprotective and axon growth-pro-
moting effects of catalpol following SNCI in 
mice are related to the activation of Akt/mTOR 
pathway and its modulation of BDNF and PTEN 
expression.
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