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Sexual Dysfunction

Differential Expression of Nerve Injury-Induced Protein 1 (Ninjurin 
1) in In Vivo and In Vitro Models for Diabetic Erectile Dysfunction
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Purpose: Endothelial dysfunction and peripheral neuropathy are important mecha-
nisms responsible for diabetes-induced erectile dysfunction (ED). Nerve in-
jury-induced protein 1 (Ninjurin 1) is known to be related to neuroinflammatory proc-
esses and is also reported to induce vascular regression during the developmental 
period. In the present study, we determined the differential expression of Ninjurin 1 
in penile tissue of streptozotocin (STZ)-induced diabetic mice with ED.
Materials and Methods: Diabetes was induced in 8-week-old C57BL/6J mice by intra-
peritoneal injections of STZ (50 mg/kg for 5 days). Eight weeks later, erectile function 
was measured by electrical stimulation of the cavernous nerve (n=6 per group). The 
penis was then harvested for immunohistochemical analysis and Western blot analysis 
for Ninjurin 1 (n=4 per group). We also determined Ninjurin 1 expression in primary 
cultured mouse cavernous endothelial cells (MCECs) incubated under the following 
conditions: normal glucose condition (5 mM), high-glucose condition (30 mM), and 
high-glucose condition (30 mM)+insulin (1 nM). 
Results: The expression of Ninjurin 1 protein was significantly higher in both cavernous 
endothelial cells and the dorsal nerve bundle of diabetic mice than in those of controls. 
In the in vitro study in MCECs, Ninjurin 1 expression was also significantly increased 
by the high-glucose condition and was returned to baseline levels by treatment with 
insulin. 
Conclusions: Regarding the role of Ninjurin 1 in neuropathy and vascular regression, 
it would be interesting to examine the effects of inhibition of Ninjurin 1 on erectile func-
tion in animal models of ED with a vascular or neurogenic cause. 
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INTRODUCTION

Diabetes mellitus is a major cause of erectile dysfunction 
(ED), and the prevalence of ED is more common and the 
symptoms of ED occur earlier in diabetic men than in the 
general population [1,2]. The etiology of ED in diabetes is 
multifactorial. The suggested mechanisms for diabetic ED 
include damage to the cavernous endothelial and smooth 
muscle cells at both structural and functional levels, pe-
ripheral autonomic neuropathy, and endocrine dysfunc-
tion, such as hypogonadism [3-7]. It is well known that men 
with diabetic ED respond poorly to the currently available 

oral phosphodiesterase-5 (PDE5) inhibitors compared 
with nondiabetic men [8,9]. The reduced responsiveness to 
the PDE5 inhibitors in men with diabetes may be related 
to the severity of functional and structural derangements 
in the corporal vasculature as well as the degree of periph-
eral neuropathy [6,10,11]. 

Nerve injury-induced protein 1, Ninjurin 1, is a cell sur-
face protein related to peripheral nerve injury that is 
known to be profoundly up-regulated in the distal segment 
and proximal neuroma of the transected sciatic nerve [12]. 
It was also reported that Ninjurin 1 is responsible for the 
initiation and progression of multiple sclerosis [13], an au-
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toimmune inflammatory disease of the central nervous 
system (CNS) characterized by demyelination and axonal 
damage. Moreover, Ninjurin 1 plays an important role in 
blood vessel homeostasis during the embryonic period. A 
recent study reported that Ninjurin 1 resulted in the re-
gression of the hyaloids vascular system, a capillary vas-
cular network responsible for the growth and maturation 
of the lens during early ocular development, through in-
duction of angiopoietin-2 (Ang2), an endogenous antago-
nist of angiopoietin-1 (Ang1) involved in destabilization of 
the blood vessels and endothelial cell apoptosis, and of 
Wnt7b, a critical mediator of cell death [14]. Inhibition of 
Ninjurin 1 by systemic administration of neutralizing anti-
body delays regression of the hyaloids vascular system [14]. 
These findings suggest the critical function of Ninjurin 1 in 
both neuropathy and blood vessel regression. Therefore, it 
is meaningful to examine the expression of Ninjurin 1 in 
diabetic ED, a disease characterized by neuropathy and 
vasculopathy. 

Thus, in the present study, we determined the differ-
ential expression of Ninjurin 1 in both penile tissue of strep-
tozotocin (STZ)-induced diabetic mice with ED in vivo and 
in primary cultured mouse cavernous endothelial cells 
(MCECs) in vitro. 

MATERIALS AND METHODS

1. Animals
Specific-pathogen-free C57BL/6J mice were purchased 
from Orient Bio (Seongnam, Korea). The experiments per-
formed were approved by the Institutional Animal Care 
and Use Subcommittee of our university. Diabetes was in-
duced in 8-week-old C57BL/6J mice by intraperitoneal in-
jections of STZ (50 mg/kg) for 5 days consecutively as pre-
viously described [5]. At 8 weeks after the induction of dia-
betes, the diabetic animals and their age-matched controls 
were used for Western blot analysis, histologic examina-
tion, and physiologic erection study. Fasting and post-
prandial blood glucose levels were determined with an 
Accu-check blood glucose meter (Roche Diagnostics, 
Mannheim, Germany) before the mice were killed.

2. Measurement of erectile function
The mice from the control and diabetic groups were anes-
thetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) 
intramuscularly. Bipolar platinum wire electrodes were 
placed around the cavernous nerve. Stimulation parame-
ters were 5 V at a frequency of 12 Hz, a pulse width of 1 ms, 
and a duration of 1 minute. During tumescence, the max-
imal intracavernous pressure (ICP) was recorded. The to-
tal ICP was determined by the area under the curve from 
the beginning of cavernous nerve stimulation to a point 20 
s after stimulus termination. Systemic blood pressure was 
measured by using a noninvasive tail-cuff system (Visitech 
Systems, Apex, NC, USA). The ratios of maximal ICP and 
total ICP (area under the curve) to mean systolic blood pres-
sure (MSBP) were calculated to adjust for variations in sys-

temic blood pressure, as previously described [5].

3. Isolation and culture of MCECS
Primary culture for MCECs was done as previously de-
scribed [15]. Briefly, the corpus cavernosum tissue was 
harvested from 8-week-old C57BL/6J mice and transferred 
into sterile vials containing Hank’s balanced salt solution 
(Gibco, Carlsbad, CA, USA) and was washed two times in 
phosphate-buffered saline (PBS). The corpus cavernosum 
tissue was cut into two or three pieces and the samples were 
then plated on Matrigel stock solution (Becton Dickinson, 
Mountain View, CA, USA)-coated 60-mm cell culture 
dishes. The Matrigel was polymerized with a 5-minute in-
cubation period at 37oC, and 3 ml of complement medium 
199 (GIBCO), supplemented with 20% fetal bovine serum, 
1% penicillin/streptomycin, 0.5 mg/ml heparin, and 5 
ng/ml vascular endothelial growth factor-A, was added to 
the cell culture dish, and the dishes were then incubated 
at 37oC with 5% CO2. After the cells were confluent and 
spread on the whole bottom of the dish (about 2 to 3 weeks 
after the start of culture), only sprouting cells were used 
for subcultivation. The sprouting cells were seeded onto 
dishes coated with 0.2% gelatin. Cells at passages between 
2 and 3 were used for experiments. 

The primary cultured cells were characterized as pre-
viously described [15]. Briefly, cells were cultured on ster-
ile cover glasses (Marienfeld Laboratory, Lauda-Königs-
hofen, Germany) that were placed on the bottom of 24-well 
plates. Individual chambers were incubated with antibody 
to platelet/endothelial cell adhesion molecule 1 (1:50; 
PECAM-1, an endothelial cell marker; Chemicon, Temecu-
la, CA, USA), CD90 (1:50; a fibroblast marker; R&D Sys-
tems Inc., Minneapolis, MN, USA), or myosin (1:100; a 
smooth muscle cell marker; Sigma-Aldrich, St. Louis, MO, 
USA) overnight at 4oC in a moist chamber. Mounting me-
dium containing 4,6-diamidino-2-phenylindole (DAPI, 
Vector Laboratories Inc., Burlingame, CA, USA) was ap-
plied to the chamber and nuclei were labeled.

To examine the effect of the high-glucose condition with 
or without insulin treatment on Ninjurin 1 expression, the 
primary cultured MCECs were serum-starved for 24 hours 
and were then exposed to following conditions for 48 hours: 
normal glucose condition (5 mmol), high-glucose condition 
(30 mmol), or high-glucose condition (30 mmol)+insulin 
treatment (1 nM). Primary cultured MCECs incubated un-
der each condition were used for Western blot analysis. 

4. Western blot
Equal amounts of protein (50 μg per lane) were electro-
phoresed on sodium dodecylsulfate-polyacrylamide gels 
(12%), transferred to nitrocellulose membranes, and pro-
bed with antibodies to Ninjurin 1 (BD Biosciences; 
Franklin Lakes, NJ, USA) or β-actin (1:6,000; Abcam, 
Cambridge, UK). The results were quantified by densi-
tometry (n=4 per group).
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TABLE 1. Metabolic and physiologic variables

Variable Control DM p-value

Body weight (g)   33.8±1.6   22.9±0.8 ＜0.01
Fasting glucose (mg/dl) 108.8±10.6 384.6±48.9 ＜0.01
Postprandial glucose (mg/dl) 155.0±12.7 571.2±19.3 ＜0.01
MSBP (cm H2O) 131.0±4.7 133.0±10.4   NS

Values are the mean±standard error for n=6 animals per group. 
DM, diabetes mellitus; MSBP, mean systolic blood pressure; NS, not significant.

FIG. 1. Decrease in erectile function in diabetic mice. (A) Representative intracavernous pressure (ICP) responses to electrical 
stimulation of the cavernous nerve for the age-matched control and diabetic groups. The stimulus interval is indicated by a solid bar. 
(B) The ratios of mean maximal ICP and total ICP to mean systolic blood pressure (MSBP) stimulated at 5 V and 12 Hz in each group. 
Each bar depicts the mean values (±standard error) from n=6 animals per group. DM, diabetes mellitus. a:p＜0.01 compared with the 
control group. 

5. Histologic examinations
For fluorescence microscopy (n=6 per group), the penis tis-
sue was fixed in 4% paraformaldehyde for 24 hours at 4oC, 
and frozen tissue sections (8 μm thick) were incubated with 
antibodies to PECAM-1 (1:50; Chemicon), neurofilament 
(1:100; an axonal maker, Sigma-Aldrich), or Ninjurin 1 
(1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 
4oC overnight. After several washes with PBS, the sections 
were incubated with tetramethyl rhodamine isothiocya-

nate- or fluorescein isothiocyanate-conjugated secondary 
antibodies (Zymed Laboratories, South San Francisco, CA, 
USA) for 2 hours at room temperature. Signals were vi-
sualized, and digital images were obtained with a confocal 
microscope (FV1000, Olympus Co., Tokyo, Japan) under 
identical exposure settings.

6. Statistical analysis
Results are expressed as means±standard error. The group 
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FIG. 3. Differential distribution of 
Ninjurin 1 in the corpus cavernosum 
tissue of diabetic mice. Immunofluo-
rescent double-staining of penile tissue 
performed with antibody to PECAM-1 
(an endothelial cell marker) and Nin-
jurin 1. Note increase in Ninjurin 1 
expression and decrease in PECAM-1 
expression in diabetic corpus caver-
nosum tissue (×200). DM, diabetes 
mellitus; PECAM-1, platelet/endothe-
lial cell adhesion molecule-1.

FIG. 2. Increase in Ninjurin 1 expression in diabetic mouse 
penis. (A) Representative Western blot analysis showing the 
protein expression of Ninjurin 1. (B) Data are presented as the 
relative density of Ninjurin 1 protein compared with that of 
β-actin. The relative ratio measured in the control group is 
arbitrarily presented as 1. Each bar depicts the mean values 
(±standard error) from n=4 animals per group. DM, diabetes 
mellitus. a:p＜0.01 compared with the control group. 

comparisons were made by Mann-Whitney rank-sum tests 
or Kruskal-Wallis tests. We performed statistical analysis 
with SigmaStat 3.5 (Systat Software Inc., Richmond, CA, 
USA). p-values less than 5% were considered significant. 

RESULTS

1. Metabolic and physiologic variables
Metabolic and physiologic variables, including body 
weight, blood glucose concentrations, and MSBP, are sum-
marized in Table 1. Eight weeks after diabetes was induced 
by intraperitoneal injections of STZ, the fasting and post-
prandial blood glucose concentrations of the diabetic mice 
were significantly higher than those of the control mice. 
Body weight was significantly lower in the diabetic mice 
than in the controls (Table 1). Erectile function parame-
ters, such as the ratios of maximal ICP and total ICP to 
MSBP, which were recorded at 5 V, were significantly lower 
in the diabetic mice than in the controls (Fig. 1). No sig-
nificant difference in systemic blood pressure was noted be-
tween the groups (Table 1).

2. Increase in protein expression of Ninjurin 1 in the penis 
of diabetic mice

We performed fluorescent immunohistochemistry and 
Western blotting to evaluate the expression of Ninjurin 1 
in the penile tissue of diabetic mice. Western blot analysis 
revealed a higher Ninjurin 1 protein expression in the pen-
ile tissue of diabetic mice than in that of controls (Fig. 2). 
Immunohistochemical staining also showed an increase in 
Ninjurin 1 expression in both corpus cavernosum tissue 
and the dorsal nerve bundle of diabetic mice compared with 
that in controls, whereas cavernous endothelial content 
(PECAM-1) and axonal content (neurofilament) in the dor-
sal nerve bundle were decreased by diabetes (Figs. 3, 4). 
Immunofluorescent double-staining revealed that the ma-
jority of Ninjurin 1 protein expression was overlapping 
with cavernous endothelial cells and with the dorsal nerve 
bundle (Figs. 3, 4).



Korean J Urol 2012;53:636-642

640 Kim et al

FIG. 4. Differential distribution of Ninjurin 1 in the dorsal nerve bundle of diabetic mice. Immunofluorescent double-staining of penile 
tissue performed with antibody to neurofilament (an axonal marker) and Ninjurin 1. Note increase in Ninjurin 1 expression and 
decrease in nerve content in diabetic dorsal nerve bundle (×400). DM, diabetes mellitus; DAPI, 4,6-diamidino-2-phenylindole.

3. Increase in protein expression of Ninjurin 1 in MCECs 
exposed to the high-glucose condition

When we characterized the primary cultured cells, the ma-
jority of cells (more than 95%) showed positive staining for 
the endothelial cell marker (PECAM-1), but did not show 
positive staining for the smooth muscle cell marker myosin 
or the fibroblast marker CD90 (Fig. 5A). We determined the 
effect of the high-glucose condition on Ninjurin 1 expres-
sion in MCECs by Western blot. Ninjurin 1 expression was 
significantly increased by the high-glucose condition, and 
the levels were returned to baseline levels in MCECs ex-
posed to the high-glucose condition and treated with in-
sulin (Figs. 5B, 5C).

DISCUSSION

We report here that the expression of Ninjurin 1 protein 
was up-regulated in both cavernous endothelial cells and 
the dorsal nerve bundle of the diabetic mice. In the in vitro 
study in MCECs, Ninjurin 1 expression was also increased 
by the high-glucose condition and was returned to baseline 
levels by treatment with insulin. 

Peripheral neuropathy of the autonomic nerve and endo-
thelial dysfunction are important causes of diabetic ED. 
The reduction in neuronal nitric oxide synthase-contain-
ing nerve fiber and endothelial NOS activity, impaired pen-
ile angiogenesis, and the subsequent impairment in neuro-
genic- and endothelium-mediated smooth muscle relaxa-
tion are major contributing factors to diabetic ED [5,6,16, 
17]. Therefore, therapies aimed at restoring both nerve and 

endothelial function may be a promising therapeutic strat-
egy in patients with ED associated with diabetes. 

In the present study, Western blot analysis revealed 
higher Ninjurin 1 expression in the penile tissue of diabetic 
mice than in that of age-matched controls. Moreover, im-
munohistochemical staining showed higher Ninjurin 1 ex-
pression in the dorsal nerve bundle of diabetic mice than 
in that of controls, whereas axonal content, as determined 
by neurofilament immunohistochemistry, was decreased 
by diabetes. Previous study also reported an increase in 
Ninjurin 1 expression after peripheral nerve injury, with 
the peak level of expression occurring 7 to 14 days after in-
jury [12]. Several lines of evidence suggest that blood-borne 
immune cells play an important role in the onset and pro-
gression of CNS-related disease, such as multiple sclerosis, 
an autoimmune inflammatory disease in the CNS [18,19]. 
A recent study reported in an experimental autoimmune 
encephalomyelitis model, an animal model for multiple 
sclerosis, that Ninjurin 1 was highly expressed in myeloid 
cells (macrophage/monocyte and neutrophils), which en-
hances penetration of these cells into the blood-brain bar-
rier and induces neuroinflammation and nerve damage 
[13]. The authors from this study suggested that Ninjurin 
1 could be a novel therapeutic target for neuroinflam-
matory disease related with immune cells. Besides diabetic 
neuropathy, cavernous nerve injury is a major cause of rad-
ical prostatectomy-induced ED [20,21]. Cavernous nerve 
injury induces local inflammation and immune responses 
and finally contributes to the development of ED [22-24]. 
Therefore, it is necessary to examine the effects of the block-
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FIG. 5. Increase in Ninjurin 1 expression in mouse cavernous endothelial cells exposed to the high-glucose (HG) condition, which was 
reversed by treatment with insulin. (A) Characterization of primary cultured mouse cavernous endothelial cells. Fluorescent 
immunocytochemistry of primary mouse cavernous endothelial cells with antibody against platelet/endothelial cell adhesion 
molecule-1 (PECAM-1) (positive marker) and antibody against CD90 and myosin (negative markers) (×200). (B) Representative 
Western blot analysis showing the protein expression of Ninjurin 1. After serum starvation for 24 hours, cavernous endothelial cells 
were incubated under the following conditions for 48 hours: normal glucose condition (NG, 5 mM); high-glucose condition (30 mM); 
high-glucose condition (30 mM)+insulin (IN, 1 nM). (C) Data are presented as the relative density of Ninjurin 1 protein compared 
with that of β-actin. The relative ratio measured in the normal glucose condition is arbitrarily presented as 1. Each bar depicts the 
mean values (±standard error) from four independent experiments. DAPI, 4,6-diamidino-2-phenylindole. a:p＜0.01 compared with 
the other groups, b:p＜0.01 compared with HG group. 

ade of Ninjurin 1 on erectile function in animal models for 
diabetes or cavernous nerve injury. 

Ninjurin 1 is also known to play a crucial role in vascular 
homeostasis during the embryonic period [14]. In the pres-
ent study, the expression of Ninjurin 1 protein was sig-
nificantly increased in both cavernous endothelial cells in 
vivo and primary cultured MCECs exposed to a high-glu-
cose condition in vitro. Ang1 is the ligand of the Tie2 re-

ceptor tyrosine kinase and plays an important role in angio-
genesis and maturation of blood vessels [25]. Ang1 is also 
known as a survival factor for vascular endothelial cells 
[25]. In contrast, Ang2 is an antagonist for Ang1 on the Tie2 
receptor and is known to induce endothelial apoptosis 
through inhibition of survival signal, such as the phospha-
tidylinositol 3-kinase/Akt pathway [25]. A recent study re-
ported that Ninjurin 1 is a critical mediator for the re-
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gression of the hyaloids vascular system during the devel-
opmental period by regulation and Ang1/Ang2 balance, 
i.e., decrease in Ang1 expression and increase in Ang2 ex-
pression, whereas Ninjurin 1 neutralizing antibody in-
hibited regression of the hyaloids vascular system [14]. 

Collectively, these findings suggest that Ninjurin 1 is in-
volved in both neuropathy and angiopathy, which are im-
portant for the pathogenesis of diabetic ED. Therefore, fur-
ther studies are needed to test whether inhibition of the 
Ninjurin 1 pathway can restore erectile function by rees-
tablishing penile neural and microvascular structures. 

CONCLUSIONS

We for the first time have reported an up-regulation of 
Ninjurin 1 protein in the penis of diabetic mice. The ex-
pression of Ninjurin 1 protein was significantly induced in 
both cavernous endothelial cells and the dorsal nerve bun-
dle of the diabetic mice in vivo and in MCECs exposed to 
the high-glucose condition in vitro. With regard to the role 
of Ninjurin 1 in neuropathy and vascular regression, it 
would be interesting to examine the effects of inhibition of 
Ninjurin 1 on erectile function in animal models of ED of 
vascular or neurogenic causes. 
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