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Abstract
Polysaccharides extracted from Lycium barbarum exhibit antioxidant properties. We hypothesized that these polysaccharides resist oxida-
tive stress-induced neuronal damage following cavernous nerve injury. In this study, rat models were intragastrically administered Lycium 
barbarum polysaccharides for 2 weeks at 1, 7, and 14 days after cavernous nerve injury. Serum superoxide dismutase and glutathione 
peroxidase activities significantly increased at 1 and 2 weeks post-injury. Serum malondialdehyde levels decreased at 2 and 4 weeks. At 12 
weeks, peak intracavernous pressure, the number of myelinated axons and nicotinamide adenine dinucleotide phosphate-diaphorase-pos-
itive nerve fibers, levels of phospho-endothelial nitric oxide synthase protein and 3-nitrotyrosine were higher in rats administered at 1 day 
post-injury compared with rats administered at 7 and 14 days post-injury. These findings suggest that application of Lycium barbarum 
polysaccharides following cavernous nerve crush injury effectively promotes nerve regeneration and erectile functional recovery. This neu-
roregenerative effect was most effective in rats orally administered Lycium barbarum polysaccharides at 1 day after cavernous nerve crush 
injury.

Key Words: nerve regeneration; erectile dysfunction; cavernous nerve; Lycium barbarum polysaccharides; oxidative stress; superoxide dismutase; 
glutathione peroxidase; malondialdehyde; intracavernous pressure; neural regeneration  

Graphical Abstract

Lycium barbarum polysaccharides (LBP) promote regeneration of injured cavernous nerve and recovery 
of erectile function via an antioxidative mechanism
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Introduction
Technological developments have allowed for the use of 
nerve-sparing surgery techniques and robotic-assisted lap-
aroscopic techniques in radical prostatectomy. However, in 
some patients erectile dysfunction persists after radical pros-
tatectomy (Vordermark, 2008; Wang and Eriksson, 2014; Co-
hen and Glina, 2015; Jacques and Glina, 2015; Kim and Lee, 
2015; Putora et al., 2016). In some cases, erectile dysfunction 
is the result of a cavernous nerve injury during surgery (Vor-
dermark, 2008; Wang and Eriksson, 2014; Cohen and Glina, 
2015; Kim and Lee, 2015; Putora et al., 2016). Recovery 
from erectile dysfunction requires rapid regeneration of the 
injured cavernous nerve, otherwise injury to the cavern-
ous nerve could lead to fibrosis of the corpus cavernosum 
(Iacono et al., 2005, 2008). Injury to the cavernous nerve 
during radical prostatectomy is the main cause of erectile 
dysfunction, despite modern surgical methods, such as the 
nerve-sparing technique (Walz et al., 2010; Harris et al., 
2013; Khoder et al., 2015; Natali et al., 2015), and return of 
erectile function is usually a protracted process. A recent 
study in a radiation-induced cavernous nerve injury mod-
el suggests that oxidative stress plays an important role in 
recovery of the injured nerve (Kimura et al., 2012; Lanza et 
al., 2012; Wang et al., 2015a). Therefore, reducing oxidative 
stress may be a potential approach to improve cavernous 
nerve recovery.

Oxidative stress results from decreased levels of anti-oxi-
dants and increased levels of reactive oxygen species (Zhao 
et al., 2014). The imbalance between antioxidant capacity 
and oxidative reactions may directly or indirectly result in 
cellular damage (Halliwell and Aruoma, 1991). Oxidative 
stress has been shown to play an inhibitory role in cavernous 
nerve regeneration (Li et al., 2007), and malondialdehyde 
(MDA) can be used as a biomarker for oxidative damage. 
Additionally, superoxide dismutase (SOD), which converts 
two superoxide anions into a hydrogen peroxide, can be used 
to measure oxidative stress. Glutathione peroxidase (GPX) is 
an antioxidant enzyme that converts hydrogen peroxide into 
water, and it can also directly reduce lipid peroxides (Li et 
al., 2007; Cheng and Kong, 2011; Shan et al., 2011). Ozkara 
et al. (2006) demonstrated neurotomy and manipulation of 
the cavernous nerve can lead to oxidative stress, and erectile 
function significantly decreases by 3 weeks post-unilateral 
neurotomy in adult male rats. Lagoda et al. (2007, 2011) 
reported that both FK506 (a prototypical immunophilin 
ligand) and sildenafil (the first clinically approved PDE5 
inhibitor) increase GPX activity, thereby protecting erectile 
function. These studies provide evidence that antioxidants 
reduce the severity of oxidative stress by scavenging reactive 
oxygen species produced during oxidative stress, thereby 
protecting erectile function. 

Lycium barbarum, which belongs to the solanaceae family, 
has been widely used in the last decades as a popular func-
tional food with generous biological activities and pharma-
cological functions. Lycium barbarum is commonly known 
as the goji berry, and the polysaccharides that are extracted 
from Lycium barbarum generally consist of six monosac-

charides (galactose, glucose, rhamnose, arabinose, mannose, 
and xylose) that are the active elements involved in Lycium 
barbarum (Jin et al., 2013). Some studies have used Lycium 
barbarum polysaccharides (LBP) to treat oxidative stress 
damage, due to their antioxidant characteristics (Li et al., 
2007; Cheng and Kong, 2011; Shan et al., 2011). In these 
studies, LBP was shown to reduce age-related, exercise-re-
lated, and alcohol-induced oxidative stress. Moreover, one 
study showed that LBP reduced neuronal damage by increas-
ing antioxidant efficacy in a mouse model (Li et al., 2011). 
However, there are no studies to date that have analyzed the 
effect of LBP oral administration on cavernous nerve regen-
eration. We hypothesized that LBP would provide protective 
effects and promote nerve regeneration against oxidative 
stress-induced neuronal damage in cavernous nerve injury. 

Materials and Methods
Ethics statement and experimental animals
All animal studies were approved by the Medical Animal 
Care and Welfare Committee of Zhongnan Hospital, Wuhan 
University, China (approval No. 2012-1806) and performed 
in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. Animals were 
anesthetized by an intraperitoneal injection of 2% sodium 
pentobarbital (40 mg/kg). The animals were sacrificed by 
ether anesthesia. 

A total of 200 specific pathogen-free, male, Sprague-Daw-
ley (SD) rats, aged 3 months and weighing 250–300 g, were 
purchased from the Center for Experimental Animal of 
Medical College of Wuhan University in China (animal li-
cense No. SCXK (E) 2008-0004). The rats were housed in 
cages in the animal facility, and had free access to standard 
rat chow and tap water. The rats were equally and randomly 
divided into the following groups: sham, injured, experimen-
tal A, experimental B, and experimental C. In experimental A, 
B, and C groups, the rats were administered LBP at 1, 7, and 
14 days after cavernous nerve injury. 

LBP extraction
Lycium barbarum was purchased from a Chinese herb 
market in Wuhan City, China. LBP was prepared accord-
ing to previously described methods (Luo et al., 2006) and 
measured by Professor Qiong Luo from the Department of 
Nutrition and Food Health, School of Public Health, Wuhan 
University, China. Briefly, the dried samples were ground, 
and the powder was dropped into boiling water. The mix-
ture was then allowed to rest for 2 hours at 37°C. Crude 
polysaccharides were obtained by free-drying the mixture. 
To remove the lipids, the crude polysaccharides were re-
fluxed in 300 mL solvent (chloroform:methanol = 2:1). The 
air-dried residue was dropped into 300 mL boiling water 
and extracted. The desired LBP product was collected and 
vacuum-dried, after precipitating with 95% alcohol, dehy-
drated alcohol, and acetone. The polysaccharide content was 
measured using the phenolsulfuric method (Li et al., 2007; 
Cheng and Kong, 2011; Shan et al., 2011). Results showed 
that polysaccharide content in the extract reached 95.74 %.
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Establishment of cavernous nerve crush injury models
After the rats were anaesthetized, body temperature was 
maintained isothermically with a heating pad at 37°C. A 
midline abdominal skin incision provided exposure for the 
bladder and prostate. The bilateral major pelvic ganglion 
was dissected from the lateral areas of the prostate with the 
aid of a surgical microscope (Shanghai Medical Instruments 
Co., Ltd., Shanghai, China). From the bilateral major pelvic 
ganglion, cavernous nerves were identified towards the cor-
pus cavernosum (Figure 1A). The bilateral cavernous nerves 
were dissected and crush injury was performed in the in-
jured group and the three experimental groups (A–C) (Fig-
ure 1B). Specifically, the tips of a micro-hemostatic clamp 
(Cheng-He Microsurgical Instruments Factory, Ningbo, 
Zhejiang Province, China) were positioned at a 90-degree 
angle, and the cavernous nerves were crushed for 2 minutes 
on each side. No additional surgical intervention was per-
formed in the sham group. 

LBP administration
In experimental A, B, and C groups, the rats were intragas-
trically administered LBP (10 mg/kg/d) for 2 consecutive 
weeks at 1, 7, and 14 days post-injury. 

Oxidative stress assessment
MDA levels, as well as SOD and GPX activities, were mea-
sured in serum at 1, 2, 4, and 12 weeks to assess oxidative 
stress in vivo. Oxidative stress was measured using MDA, 
SOD, and GPX assay kits (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, Jiangsu Province, China) according to the 
manufacture protocols.

Erectile function measurement
At 12 weeks after model establishment, erectile function 
was evaluated using intracavernous pressure (ICP) upon 
unilateral cavernous nerve electrostimulation. The bilateral 
cavernous nerves were exposed through a repeated lower 
midline abdominal incision. The overlying skin of the penis 
was incised, and the right crus of the penis was exposed by 
ischiocavernous muscle dissection. A 23-gauge scalp-vein 
needle filled with heparin solution (250 U/mL) was connect-
ed to polyethylene-50 tubing that was 20 cm in length. The 
tubing was carefully inserted into the right crus of the penis 
to measure ICP. A 22-gauge scalp-vein needle was inserted 
into the left carotid artery through the side incision of the 
neck to measure systemic mean arterial pressure (MAP). The 
unilateral cavernous nerve was directly electrostimulated us-
ing bipolar stainless steel. Each probe was 0.2 mm in diameter 
(Figure 1C), and monophasic rectangular pulses were deliv-
ered by a generator. The stimulus parameters were as follows: 
1.5 mA amplitude, 20 Hz frequency, 0.2 ms pulse width, and 
60-second duration. ICP and MAP were continuously record-
ed by a data acquisition system (Chengdu TME Technology 
Co., Ltd., Chengdu, Sichuan Province, China). 

Toluidine blue staining
Pathological changes to the cavernous nerve were assessed by 

toluidine blue staining. After functional measurement, nerve 
tissue (3–5 mm) was harvested for toluidine blue staining 
from the bilateral cavernous nerve trunks, distal to the site 
of the cavernous nerve injury. The samples were fixed for 
24 hours with 3% cold glutaraldehyde, dehydrated in 100% 
alcohol, and fixed for 2 hours in a 1% solution of osmium 
tetroxide. The samples were infiltrated with a 1:1 mixture 
of araldite and propylene oxide for 3 hours, and embedded 
in undiluted epoxy resin. Ultrathin sections (1 μm thick) of 
the embedded samples were cut on a ultramicrotome (LKB 
Produkter A.B., Broma, Sweden). The ultrathin sections were 
then stained for 2 minutes with 1% toluidine blue. Under a 
light microscope (Olympus BX60, Tokyo, Japan), the stained 
sections were observed, and recovery of the cavernous nerve 
was assessed by the number of myelinated axons, which were 
identified by the most darkly stained area under high-power 
lens. Three different visual fields were used to quantify the 
average number of myelinated axons. 

Nicotinamide adenine dinucleotide phosphate 
(NADPH)-diaphorase staining 
Nitric oxide synthase (NOS)-containing nerve fibers of the 
dorsal nerves were evaluated by NADPH-diaphorase stain-
ing (Wang et al., 2015a). Corpus cavernosum tissues were 
placed into phosphate-buffered saline (PBS) containing 
0.002% picric acid and 2% formaldehyde. After 4 hours of 
fixation, the tissues were transferred into 30% sucrose at 4°C 
until further use. Cryosections were cut into 10-μm thick 
sections, adhered to glass slides, and air dried for 5 minutes. 
The sections were incubated with a buffer (0.2 mM nitroblue 
tetrazolium, 0.1 mM NADPH, and 0.2% Triton X-100) for 
1 hour at room temperature. The reaction was terminated 
by rinsing in buffer until a deep blue staining was detected. 
Coverslips were added to the glass slides with PBS-buffered 
glycerine (1:9) as the mounting medium. The presence of 
NADPH-diaphorase-positive nerves was evidenced as a blue 
stain in the dorsal nerves. The staining pattern was evaluated 
by quantifying the number of positive nerves with a light 
microscope (Olympus BX60, Tokyo, Japan).

Western blot assay
Protein expression levels of 3-nitrotyrosine and endothelial 
nitric oxide synthase (eNOS) were examined by western blot 
assay. Total protein was extracted from the corpus cavernous 
tissue using mammalian protein extraction reagent (Pierce, 
Rockford, IL, USA) and quantified using the bicinchoninic 
acid protein assay kit (Pierce). The extracted total proteins 
were separated by 10% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinyl difluoride membranes. After blocking with 5% 
fat-free milk for 30 minutes, the membranes were incubat-
ed overnight with rabbit anti-rat 3-nitrotyrosine (ab52309; 
1:1,000), eNOS (ab5589; 1:1,000), phospho-eNOS (ab51038; 
1:500), and β-actin (ab8227; 1:1,000) antibodies (Abcam, 
Cambridge, UK) at 4°C for 24 hours. The secondary goat 
anti-rabbit horseradish peroxidase-labeled antibody (1:2,000; 
Abcam) was added and incubated at 4°C for 1 hour. Finally, 
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the protein bands were visualized using an enhanced chemi-
luminescence reagent (Pierce, Rockford, IL, USA). The gray 
values were measured using an ultraviolet photometry imag-
ing system (UVP LLC, Upland, CA, USA). The housekeeping 
gene β-actin was used as an internal control for normaliza-
tion to determine protein expression levels. 

Cyclic guanosine monophosphate (cGMP) level 
measurement 
Corpus cavernosum tissue weighing approximately 50 mg 
was quickly removed and frozen in liquid nitrogen following 
detection of MAP and ICP. The frozen tissue was homoge-
nized in cold sodium acetate buffer. cGMP was extracted fol-

lowing the method described below. Each sample was mixed 
with 2 mL dehydrated alcohol, followed by centrifugation 
at 3,000 × g for 10 minutes at 4°C. The supernatant was col-
lected and dried at 60°C. Following re-dissolution, all sam-
ples were assayed for measurements of cGMP level using the 
cGMP Immunoassay Kit (K372-100, BioVision, CA, USA) in 
accordance with manufacture instructions.

Statistical analysis
Data are shown as the mean ± SD. One-way analysis of 
variance and Tukey post-hoc tests were used for assessing 
differences between groups. If a P-value was < 0.05, the dif-
ferences were considered significant. Statistical analyses were 

Table 1 Effect of Lycium barbarum polysaccharides on malondialdehyde levels (nmol/mL) in the serum of rats after cavernous nerve crush 
injury

Group

Time after injury

1 week 2 weeks 4 weeks 12 weeks

Sham 19.93±2.21 18.68±2.19 17.52±1.86 13.51±1.96

Injured 20.19±2.08 20.73±2.09 17.62±1.79 13.63±1.25

Experimental A 18.97±2.02 14.03±2.13*# 13.47±1.35*# 13.29±1.83

Experimental B 20.14±2.13 16.08±2.04† 15.62±1.11† 13.49±1.45

Experimental C 20.85±2.19 20.12±2.52†§ 15.66±1.95† 13.58±1.88

Data are expressed as the mean ± SD. One-way analysis of variance and Tukey post-hoc tests were used to assess differences between groups. *P < 0.05, 
vs. sham group; #P < 0.05, vs. injured group; †P < 0.05, vs. experimental A group; §P < 0.05, vs. experimental B group. In experimental A, B, and C 
groups, the rats were intragastrically administered LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-injury.

Table 2 Effect of Lycium barbarum polysaccharides on superoxide dismutase levels (U/mL) in the serum of rats after cavernous nerve crush 
injury

Group

Time after injury

1 week 2 weeks 4 weeks 12 weeks

Sham 44.72±11.23 51.23±12.85 54.26±11.59 67.48±12.16

Injured 41.29±11.54 45.71±11.13 50.64±12.97 65.53±12.35

Experimental A 78.54±12.29*# 86.98±13.26*# 75.04±14.28*# 67.02±12.59

Experimental B 44.06±11.37† 71.13±12.58*#† 76.19±12.93*# 66.71±11.78

Experimental C 44.18±11.41† 47.12±11.83†§ 73.44±13.82*# 67.29±12.15

Data are expressed as the mean ± SD. One-way analysis of variance and Tukey post-hoc tests were used to assess differences between groups. *P < 0.05, 
vs. sham group; #P < 0.05, vs. injured group; †P < 0.05, vs. experimental A group; §P < 0.05, vs. experimental B group. In experimental A, B, and C 
groups, the rats were intragastrically administered LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-injury.

Table 3 Effect of Lycium barbarum polysaccharides on glutathione peroxidase levels (U/mL) in the serum of rats after cavernous nerve crush 
injury 

Group

Time after injury

1 week 2 weeks 4 weeks 12 weeks

Sham 124.52±13.14 129.96±15.53 138.41±16.55 151.16±18.76

Injured 120.35±15.91 125.31±14.48 133.22±17.18 151.82±16.29

Experimental A 163.79±16.17*# 179.41±17.36*# 159.24±17.63*# 152.02±17.39

Experimental B 120.89±14.38† 159.51±14.62*#† 162.21±13.28*# 152.23±15.32

Experimental C 122.73±15.71† 125.16±16.31†§ 160.85±16.07*# 153.03±19.91

Data are expressed as the mean ± SD. One-way analysis of variance and Tukey post-hoc tests were used to assess differences between groups. *P < 0.05, 
vs. sham group; #P < 0.05, vs. injured group; †P < 0.05, vs. experimental A group; §P < 0.05, vs. experimental B group. In experimental A, B, and C 
groups, the rats were intragastrically administered LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-injury.
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Figure 1 Construction of cavernous nerve crush injury in experimental animal models. 
(A) Anatomical location of CN and MPG (× 100). (B) Schematic diagram of CN crush injury. (C) CN stimulation by a bipolar stainless steel elec-
trode (× 100). CN: Cavernous nerve; MPG: major pelvic ganglion. 

Figure 2 Erectile function evaluated by electrical stimulation of cavernous nerve. 
(A) ICP and MAP in response to pelvic ganglion stimulation. The red line (above) represents ICP. The green line represents electrostimulation 
time. The red line (below) represents MAP. (B) Mean peak ICP. (C) Mean peak ICP/MAP ratio. Data are expressed as the mean ± SD. One-way 
analysis of variance and Tukey post-hoc tests were used to assess differences between groups. *P < 0.05, vs. sham group; #P < 0.05, vs. injured group; 
†P < 0.05, vs. experimental A group; §P < 0.05, vs. experimental B group. In experimental A, B, and C groups, the rats were intragastrically admin-
istered LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-injury. ICP: Intracavernous pressure; MAP: mean arterial pressure. I: 
Sham; II: injured; III: experimental A; IV: experimental B; V: experimental C.

Figure 3 LBP effect on cavernous nerve morphology in rats after 
cavernous nerve crush injury. 
(A) Morphology of the cavernous nerve (toluidine blue staining). Cir-
cular areas indicate myelinated axons. (B) The number of myelinated 
axons in cavernous nerves. Data are expressed as the mean ± SD. One-
way analysis of variance and Tukey post-hoc tests were used to assess 
differences between groups. *P < 0.05, vs. sham group; #P < 0.05, vs. 
injured group; †P < 0.05, vs. experimental A group; §P < 0.05, vs. ex-
perimental B group. In experimental A, B, and C groups, the rats were 
intragastrically administered LBP (10 mg/kg/d) for 2 consecutive weeks 
at 1, 7, and 14 days post-injury. I: Sham; II: injured; III: experimental A; 
IV: experimental B; V: experimental C.
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Figure 4 LBP effect on NOS-containing nerve fibers in rats after 
cavernous nerve crush injury.
(A) Images of NADPH-diaphorase staining of dorsal nerves for each 
group. (B) NADPH-diaphorase-positive nerve fibers. Data are expressed as 
the mean ± SD. One-way analysis of variance and Tukey post-hoc tests were 
used to assess differences between groups. *P < 0.05, vs. sham group; #P < 
0.05, vs. injured group; †P < 0.05, vs. experimental A group; §P < 0.05, vs. 
experimental B group. In experimental A, B, and C groups, the rats were 
intragastrically administered LBP (10 mg/kg/d) for 2 consecutive weeks at 
1, 7, and 14 days post-injury. NOS: Nitric oxide synthase; NADPH: nico-
tinamide adenine dinucleotide phosphate. I: Sham; II: injured; III: experi-
mental A; IV: experimental B; V: experimental C.

Figure 5 Effect of LBP on the 3-nitrotyrosine expression in the corpus 
cavernous tissue of rats after cavernous nerve crush injury. 
(A) Protein bands of 3-nitrotyrosine and β-actin. (B) The relative gray 
levels of 3-nitrotyrosine normalized to β-actin. Data are expressed as 
the mean ± SD. One-way analysis of variance and Tukey post-hoc tests 
were used to assess differences between groups. *P < 0.05, vs. sham 
group; #P < 0.05, vs. injured group; †P < 0.05, vs. experimental A 
group; §P < 0.05,vs. experimental B group. In experimental A, B, and C 
groups, the rats were intragastrically administered LBP (10 mg/kg/d) for 
2 consecutive weeks at 1, 7, and 14 days post-injury. I: Sham; II: injured; 
III: experimental A; IV: experimental B; V: experimental C.

Figure 6 LBP effect on eNOS and phospho-eNOS expression in the 
corpus cavernous tissue of rats after cavernous nerve crush injury.
(A) Protein bands of eNOS, phospho-eNOS, and β-actin. (B) Relative 
gray levels of eNOS and phospho-eNOS normalized to β-actin. Data 
are expressed as the mean ± SD. One-way analysis of variance and 
Tukey post-hoc tests were used to assess differences between groups. 
*P < 0.05, vs. sham group; #P < 0.05, vs. injured group; †P < 0.05, vs. 
experimental A group; §P < 0.05, vs. experimental B group. In experi-
mental A, B, and C groups, the rats were intragastrically administered 
LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-in-
jury. eNOS: Endothelial nitric oxide synthase. I: Sham; II: injured; III: 
experimental A; IV: experimental B; V: experimental C.

Figure 7 LBP effect on cGMP levels in the corpus cavernous tissue of 
rats after cavernous nerve crush injury. 
Data are expressed as the mean ± SD. One-way analysis of variance and 
Tukey post-hoc tests were used to assess differences between groups. 
*P < 0.05, vs. sham group; #P < 0.05, vs. injured group; †P < 0.05, vs. 
experimental A group; §P < 0.05, vs. experimental B group. In experi-
mental A, B, and C groups, the rats were intragastrically administered 
LBP (10 mg/kg/d) for 2 consecutive weeks at 1, 7, and 14 days post-in-
jury. cGMP: Cyclic guanosine monophosphate. I: Sham; II: injured; III: 
experimental A; IV: experimental B; V: experimental C.
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performed using SPSS (SPSS 13.0 for Windows; SPSS Inc., 
Chicago, IL, USA).

Results
LBP effects on oxidative stress in serum in a cavernous 
nerve crush injury rat model
At 1 week post-injury, there were no differences in serum 
MDA levels between the five groups (P > 0.05). Serum MDA 
levels were lowest in the experimental A group at 2 and 4 
weeks (P < 0.05). At 2 weeks, serum MDA levels in the ex-
perimental B group were less than in the experimental C 
group (P < 0.05). At 4 weeks, there was no significant differ-
ence in serum MDA levels between experimental B and C 
groups (P > 0.05). At 1 and 2 weeks, SOD and GPX activities 
in the serum were highest in the experimental A group (P < 
0.05). At 2 weeks, SOD and GPX activities in the serum were 
higher in the experimental B group than in the experimental 
C group (P < 0.05), but there was no significant difference in 
SOD and GPX activities in the serum between experimental 
C, sham, and injured groups (P > 0.05). At 4 weeks, SOD and 

GPX activities in the serum were higher in the experimental 
A, B, and C groups than in the sham and injured groups (P 
< 0.05), but there were no statistically difference between the 
three experimental groups (P > 0.05). At 12 weeks, the three 
oxidative stress parameters (MDA, SOD, and GPX) in the se-
rum were not significantly different between the five groups 
(P > 0.05; Tables 1–3). 

LBP effects on ICP and MAP in a cavernous nerve crush 
injury rat model
As shown in Figure 2, peak ICP and peak ICP/MAP ratio of 
rats in the injured group were decreased compared with the 
sham group (P < 0.05), which represented a state of erectile 
dysfunction. The peak ICP and peak ICP/MAP ratio were 
less in the experimental A group than in the sham group (P 
< 0.05), but higher than in the injured, experimental B, and 
C groups (P < 0.05) at 12 weeks. Compared with the experi-
mental C group, the peak ICP and peak ICP/MAP ratio were 
higher in the experimental B group (P < 0.05). There was no 
significant difference in peak ICP and peak ICP/MAP ratio 
between the experimental C group and the injured group (P 
> 0.05).

LBP effects on morphology of the cavernous nerve in rats 
after cavernous nerve crush injury 
As shown in Figure 3, the number of myelinated axons in 
the cavernous nerve was greater in the experimental A group 
than in the injured, experimental B, and experimental C 
groups (P < 0.05), but less than in the sham group (P < 0.05). 
The number of myelinated axons in the cavernous nerve in 
the experimental B group was greater than in the experimen-
tal C group (P < 0.05). However, no significant difference in 
the number of myelinated axons in the cavernous nerve was 
detected between the experimental C group and the injured 
group (P > 0.05). 

There were more NADPH-diaphorase-positive nerve 
fibers in dorsal nerves of the experimental A group than 
in the injured, experimental B, and experimental C groups 
(P < 0.05). The number of NADPH-diaphorase-positive 
nerve fibres was significantly higher in the experimental 
B group compared with the experimental C group (P < 
0.05). However, no significant difference in the number of 
NADPH-diaphorase-positive nerve fibres was determined 
between the experimental C group and the injured group (P 
> 0.05; Figure 4).

LBP effects on 3-nitrotyrosine and eNOS expression in the 
corpus cavernous tissue of rats after cavernous nerve crush 
injury
Results from the western blot assay showed significantly 
decreased 3-nitrotyrosine protein expression in the corpus 
cavernous tissue of rats in the experimental A and B groups 
compared with the injured group at 12 weeks (P < 0.05), 
but expression was greater than in the sham group (P < 
0.05). 3-Nitrotyrosine expression in the corpus cavernous 
tissue of rats in the experimental B group was less than in 
the experimental C group (P < 0.05), but higher than in 

Figure 8 Mechanistic correlation between the number of 
myelinated axons in the cavernous nerve, the number of NADPH-
diaphorase-positive nerve fibers, phospho-eNOS protein expression, 
cGMP levels, peak ICP levels, and peak ICP/MAP ratio. 
NADPH: Nicotinamide adenine dinucleotide phosphate; eNOS: endo-
thelial nitric oxide synthase; cGMP: cyclic guanosine monophosphate; 
ICP: intracavernous pressure; MAP: mean arterial pressure. 

Cavernous nerve recovery
(Myelinated axons of cavernous nerve → )

Neuronal nitric oxide synthase →

(NADPH-diaphorase-positive nerve fibers of the penis → )

eNOS activity →

(phospho-eNOS protein expression → )

Nitric oxide release →

cGMP level →

Cavernous smooth muscle cells relaxation →

Increased blood flow to the penis
(ICP and peak ICP/MAP ratio → )
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the experimental A group (P < 0.05). There was no signifi-
cant difference in 3-nitrotyrosine expression in the corpus 
cavernous tissue of rats between the injured group and the 
experimental C group (P > 0.05; Figure 5). 

As shown in Figure 6, there was no significant difference 
in eNOS expression in the corpus cavernous tissue of rats be-
tween the five groups at 12 weeks (P > 0.05). Phospho-eNOS 
expression in the corpus cavernous tissue of rats significant-
ly increased in the experimental A and B groups compared 
with the injured group (P < 0.05), although levels were less 
than in the sham group (P < 0.05). Phospho-eNOS expres-
sion in the corpus cavernous tissue of rats was higher in the 
experimental B group than in the experimental C group 
(P < 0.05), but less than in the experimental A group (P < 
0.05). There was no significant difference in phospho-eNOS 
expression in the corpus cavernous tissue of rats between the 
injured group and the experimental C group (P > 0.05).

LBP effects on cGMP levels in the corpus cavernous tissue 
of rats after cavernous nerve crush injury
Figure 7 depicts cGMP levels in corpus cavernosum tissue of 
the five groups at 12 weeks. The cGMP levels in the corpus 
cavernous tissue significantly increased in the experimen-
tal A and B groups compared with the injured group (P < 
0.05), although levels were less than in the sham group (P < 
0.05). The cGMP levels in the corpus cavernous tissue in the 
experimental B group were higher than in the experimental 
C group (P < 0.05), but lower than in the experimental A 
group (P < 0.05). There was no significant different in cGMP 
levels in the corpus cavernous tissue between the experimen-
tal C group and the injured group (P > 0.05). 

Discussion
After radical prostatectomy for clinically localized prostate 
cancer, erectile dysfunction is a potential surgical complica-
tion (Vordermark, 2008; Wang and Eriksson, 2014; Cohen 
and Glina, 2015; Jacques and Glina, 2015; Kim and Lee, 2015; 
Putora et al., 2016). Results from the present study suggest 
that antioxidant administration could prevent oxidative 
stress-associated damage after cavernous nerve injury. A num-
ber of studies have reported that LBP can be used to prevent 
and treat various diseases, such as hyperlipidemia, diabetes, 
and cancer (Luo et al., 2004, 2009; Miao et al., 2010; Zhang 
et al., 2013, 2015; Cai et al., 2015; Tang et al., 2015). LBP also 
exhibits antioxidant activity in vivo (Amagase et al., 2009; Qiu 
et al., 2014; Cheng et al., 2015; Ulbricht et al., 2015; Zhu et al., 
2015; Zhang et al., 2016). In our study, LBP improved antiox-
idative functions by promoting antioxidant enzyme activities 
and the scavenging of excessive free radicals in a rat model of 
cavernous nerve injury.

Oxidative stress can be evaluated by detecting MDA 
serum levels, as well as SOD and GPX activity (Li et al., 
2007; Cheng and Kong, 2011; Shan et al., 2011; Kimura et 
al., 2012; Jin et al., 2013; Wang et al., 2015a). To further 
validate the antioxidative effect of LBP, 3-nitrotyrosine, 
another oxidative marker, was evaluated in the corpus cav-
ernous tissue. Results showed that cavernous nerve injury 

led to significantly increased 3-nitrotyrosine formation, 
which is the end-product of nitric oxide. Expression of 
3-nitrotyrosine was decreased in the experimental A and 
B groups compared with the injured group at 12 weeks. 
Expression of 3-nitrotyrosine in tissue reflects antioxidant 
enzyme activity. Therefore, these results demonstrated 
that LBP exhibited antioxidant efficacy against oxidative 
stress within the first 2 weeks after cavernous nerve injury. 
However, the antioxidant efficacy of LBP was not obvious 
2 weeks after cavernous nerve injury. 

To confirm the neuroprotective effects of LBP, cavernous 
nerve regeneration was evaluated by toluidine blue staining. 
The number of myelinated axons of cavernous nerve was 
more in experimental A group than that in injured group 
and other two experimental groups. Results provided pow-
erful support for the neuroprotective effect of LBP within 
the first 2 weeks after cavernous nerve injury. Peak ICP and 
peak ICP/MAP ratio are well accepted parameters to assess 
erectile function, and have been used to evaluate erectile dys-
function in many previous animal studies (Ding et al., 2009; 
Hu et al., 2010; Qiu et al., 2012; Bai and An, 2015; Muniz et 
al., 2015; Wang et al., 2015c; Gur et al., 2016; Li et al., 2016). 

Results for the number of myelinated axons in the cavern-
ous nerve, the number of NADPH-diaphorase-positive nerve 
fibers, phospho-eNOS protein expression, cGMP levels, peak 
ICP levels, and peak ICP/MAP ratio are shown in Figure 8. 
The increased number of myelinated axons in the cavernous 
nerve histologically reflects nerve regeneration. The nitric 
oxide/cGMP signal pathway is a key mediator of penile erec-
tion, and cGMP is a crucial signal molecule for relaxation 
of corporal smooth muscle cells within the penis (Komori 
et al., 2008; Yang et al., 2008; Silva et al., 2015). Immunoas-
say results showed that the cGMP levels exhibited the same 
trend as phospho-eNOS expression. Relaxation of corporal 
smooth muscle can increase blood flow to the penis, which 
maintains an erection. Therefore, peak ICP and peak ICP/
MAP ratio increased.

LBP is a complex polysaccharide that consists of acidic 
heteropolysaccharides and polypeptides (Wang et al., 2015b). 
Previous studies have demonstrated that polysaccharides 
exhibit an antioxidant effect by removing reactive oxygen 
species (Cui et al., 2014; Lei et al., 2014, 2015; Qi et al., 2014; 
Ren et al., 2014, 2015; Kan et al., 2015; Wang et al., 2016; Wu 
et al., 2016; Zhuang et al., 2016). A possible mechanism is as 
follows. (1) Polysaccharides can directly eliminate reactive 
oxygen species, which are produced via a lipid peroxidation 
chain reaction. Hydroxyl can combine with hydrogen atoms 
of the polysaccharide hydrocarbon chain to produce water 
molecules. (2) Polysaccharides have metal ion complexing 
actions, and the complexing reaction between metal ions 
and the hydroxyl of polysaccharide molecules might result 
in decreased lipid peroxidation. (3) Polysaccharides promote 
the release of SOD from the cell surface and improve SOD 
and GPX activity. The highlight of our study is the antiox-
idative activities of LBP after cavernous nerve crush injury. 
Some studies also report that LBP has anti-inflammatory 
action, which might be the result of nuclear factor κB activity 



1320

Zhao ZK, et al. / Neural Regeneration Research. 2016;11(8):1312-1321.

down-regulation, which controls transcription of proinflam-
matory mediators (Xiao et al., 2012; Teng et al., 2013). Fu-
ture studies are needed to better understand the molecular 
mechanisms of anti-inflammatory activities of LBP after 
cavernous nerve crush injury.

In conclusion, LBP administration improves recovery of 
the cavernous nerve and restores erectile function within 
the first 2 weeks after cavernous nerve injury. In the pres-
ent study, recovery was based on: (a) peak ICP and peak 
ICP/MAP ratio indicate good functional recovery; (b) an 
increase in the number of myelinated axons; (c) increased 
NOS-containing nerve fibers, phospho-eNOS expression, 
and cGMP level indicate activation of nitric oxide/cGMP 
signal pathway. Results from the present study suggested that 
LBP provides a neuroprotective effect by resisting oxidative 
stress-induced neuronal damage by promoting antioxidant 
enzyme activity and by scavenging free radicals. 
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