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Cavernosal nerve injury is a common complication after radical prostatectomy and causes erectile dysfunction 
(ED). Our recent publication established that pioglitazone (PGZ) improves cavernosal nerve function after crush 
injury in the rat model by both neural protection and neuroregeneration. This result is clinically significant for 
the many men who undergo treatment for localized prostate cancer. A better understanding of the effects of 
PGZ on pelvic ganglion neurons after cavernosal nerve injury is warranted. In this Research Highlight, we 
discuss the implications of our investigation from a molecular and clinical perspective. 
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The cavernosal nerves are mixed autonomic nerves that 
project from the major pelvic ganglion (MPG) to innervate 
the lower urinary tract and reproductive organs. Stimulation 
of these nerve fibers induces an erection through smooth 
muscle relaxation in the corpus cavernosum[1]. Consequently, 
injury to the cavernosal nerves causes erectile dysfunction 
(ED). Pelvic surgery, including radical prostatectomy (RP), 
can damage these nerves through several mechanisms, 
including mechanical traction, transection, electrocautery, 
ischemia, and inflammation. This insult induces neuropraxia 
and axonal degeneration, which leads to ED [2]. The success 
of post-operative reinnervation of the end organ after RP 
depends on the ability of injured neurons to survive and 
change to a regenerative phenotype. Unfortunately, current 
pharmacologic options for patients with post-RP ED have 
been met with limited success [3]. Therefore, identifying 
protective agents that promote neural growth and 
regeneration are vitally important to improve post-operative 
erectile function in men undergoing pelvic surgery.  

The rat model for bilateral cavernosal nerve crush injury 
(BCNI) has been used to simulate cavernosal nerve injury 
during pelvic surgery. Quinlan et al. originally demonstrated 
the technique for the identification and manipulation of the 
cavernosal nerve in the rat model [4]. Burnett et al. applied 
this technique to evaluate erectile hemodynamics with the 
measurement of intracavernosal pressure (ICP) following 
nerve injury [5]. His study demonstrated that ICP decreased 
following nerve crush injury. Mills et al. evaluated ICP as a 
percent of the mean arterial pressure (MAP) to account for the 
effect of systemic blood flow on erectile function [6]. As a 
result of these technical advances, we utilize the ratio of ICP 
to MAP to assess the efficacy of erectile response following 
cavernosal nerve injury. 

Aliperti et al. investigated the effect of pioglitazone (PGZ) 
treatment on rat erectile function after BCNI using the 
aforementioned techniques [6]. Thiazolidinediones (TZD), 
including PGZ, are peroxisome proliferator-activated receptor 
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γ (PPARγ) ligands used for treating type 2 diabetes.  There is 
evidence suggesting that TZDs are vasculoprotective by 
poorly understood mechanisms [7, 8]. PGZ was selected 
because of its vasculoprotective and neuroprotective effects in 
models of cerebrovascular accidents[9]. PGZ is indicated in 
reducing atheroscleroatic plaque in vivo. In this study, animals 
were divided into sham, nerve crush, and nerve crush with 
PGZ treatment (with two groups of varying PGZ dosages). 
Nerve crushed animals treated with PGZ experienced 
dose-dependent improvements in the ICP/MAP ratio. The 
high-dose PGZ group demonstrated a significant increase in 
the ICP compared to the nerve crush group and exhibited 
similar responses as in the sham group. Immunofluorescence, 
quantitative polymerase chain reaction and Western blotting 
of cavernosal tissue demonstrated that animals treated with 
high-dose PGZ had increased synthesis of endothelial nitric 
oxide and neuronal nitric oxide (nNOS) [6]. The low-dose PGZ 
group showed a smaller increase in ICP compared to the 
high-dose PGZ group. 

Katz et al. was the first to document that PGZ promoted 
neuroprotection and neuroregeneration of the cavernosal 
nerves [10]. The study was composed of four groups, a sham 
group, a nerve crush group, and two groups treated with PGZ 
after nerve crush. Of the two treatment groups, one group 
received both pre- (4 days) and postsurgical (14 days) 
treatment with pioglitazone (BCNI + pre + post). The other 
group received only postsurgical treatment (BCNI + post). 
Length of pretreatment was based on the use of 2–5 days of 
preventive therapy in studies of pioglitazone in 
neuroprotection [11, 12]. 

In order to better define the mechanism of PGZ, we 
analyzed several molecular markers reflective of neuronal 
health, including neuronal nitric oxide synthase (nNOS), 
neurturin (NTN), glial cell line-derived neurotrophic factor 
family receptor alpha-2 (GFRα2), and β-III tubulin. We 
studied the MPG and cavernous nerve tissue to evaluate the 
molecular and biochemical effect of PGZ treatment in 
promoting erectile function. We again used 
immunofluorescence, quantitative polymerase chain reaction, 
and Western blotting to evaluate nerve regrowth and 
regeneration.  

nNOS catalyzes the production of nitric oxide (NO) and is 
present in neuronal tissue [13]. The cavernosal nerves promote 
penile erection via a nitric oxide (NO)-mediated mechanism. 
NO acts on the end organ, the corpus cavernosum, to relax 
smooth muscle and induce vasodilation. In this experiment, 
nNOS expression was significantly increased in the pelvic 
ganglia of rats treated with PGZ after cavernosal nerve crush 
compared to the ganglia of rats that received crush injury 
with no treatment. In fact, the level of nNOS expression in 

the treatment group was similar to sham level. In addition, 
rats that were treated with PGZ both before and after the 
nerve crush injury showed greater protein nNOS expression 
than those that only received post-injury PGZ therapy. The 
trend of increased nNOS gene expression in the pelvic 
ganglia of both treatment groups confirms PGZ’s 
neuroprotective effects. The surviving nerves had an 
enhanced ability to compensate for the injury by upregulating 
nNOS synthesis.   

NTN is a member of the glial cell line–derived 
neurotrophic factor family. It promotes the survival and 
regeneration of pelvic parasympathetic nerves through 
activation of the glial cell line–derived neurotrophic factor 
family receptor, specifically GFRα2. In vitro studies reveal 
that NTN and GFRα2 promote survival and neuronal growth 
factors in the MPG [14]. Administration of pre and post-injury 
treatment with PGZ reversed the effect of BCNI, causing a 
significant elevation in GFRα2-labeled cells and an elevation 
in NTN-labeled cells compared with the crush-only and sham 
groups. PGZ treatment upregulated the expression of both 
NTN and GFRα2 genes in the pelvic ganglion at the mRNA 
level as well. This demonstrates that PGZ can increase the 
number of neurons projecting from the MPG toward the 
penis after cavernosal nerve damage.   

β-III tubulin, a major structural protein within the 
microtubules, is a necessary component for axonal growth. 
Following sciatic nerve injury, adult rats were found to 
upregulate β-III tubulin in the dorsal root ganglion [15]. In this 
study, we did not find a significant increase 
immunohistochemically in β-III tubulin-stained cells or 
levels of β-III tubulin protein in the pelvic ganglion after 
BCNI or PGZ treatment. However, qRT-PCR revealed 
significant upregulation of β-III tubulin mRNA following 
PGZ treatment. This finding indicates that PGZ may impact 
B-III tubulin protein expression with a longer treatment time.  

The findings above are consistent with earlier findings 
regarding the impact of PGZ on pelvic neural tissue after 
crush injury, showing evidence that suggests cavernosal 
nerve and MPG recovery [6]. PGZ has also shown efficacy in 
treating ED in patients responding poorly to sildenafil [16]. 
The proposed mechanism involves decreased inflammation 
enhanced neuronal survival and regeneration[17]. The 
molecular pathway for this neuroprotective pathway is 
undefined, though one explanation involves activation of the 
peroxisome proliferator-activated receptor-γ (PPARγ). In a 
model of optic nerve injury, PGZ inhibited apoptosis of 
retinal ganglion cells through the PPARγ mechanism [11]. 
Cao et al postulated that PPAR-γ promotes Schwann cell 
differentiation, which augments peripheral nerve survival and 
regeneration [12]. Alternatively, Rahimian et al theorized that 
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the neuroprotective effects of PGZ after sciatic nerve 
ischemia and reperfusion injury are secondary to its 
antioxidant properties [18]. It is also possible that PGZ 
improves cavernosal nerve function via upregulation of 
insulin growth factor 1 (IGF-1) receptor. IGF-1 is a growth 
factor found in the circulation and is also produced locally in 
multiple tissues, including nerves and the vasculature. IGF-1 
acts via the AKT-signaling pathway, a stimulator of cell 
growth and proliferation [19]. In human aortic cells, PGZ has 
been demonstrated to upregulate IGF-1 independently of 
PPAR-gamma [20]. IGF-1 has been demonstrated to stimulate 
nerve regeneration and survival in models of sciatic nerve 
injury and CNS neuronal injury after hypoxemic injury [21]. 
Therefore, it is possible that an IGF-1 dependent mechanism 
may play a role in the neuroprotective and regenerative 
properties of PGZ.  

To our knowledge, this is the first study to demonstrate the 
neuroprotective effects of pioglitazone on the pelvic ganglion 
in a model of post-prostatectomy ED. Furthermore, it is the 
first report to compare the effects of preventive and reactive 
PGZ therapies for nerve injury. The results indicate that PGZ 
provides a protective effect on pelvic ganglion neurons after 
cavernosal nerve injury. This effect was most apparent with 
combined pre- and postoperative therapy. Preventive therapy 
with pioglitazone increased the number of nitrergic 
penis-projecting neurons in the pelvic ganglion compared 
with the crush group and sham groups at 2 weeks post BCNI, 
as evidenced by increased immunoreactivity (IR) for nNOS 
and GFRα2. This may have been a result of enhanced 
survival or increased regeneration of pelvic ganglion neurons 
after cavernosal nerve injury.  

A trend of increased nNOS gene expression in the pelvic 
ganglia of both treatment groups also points to pioglitazone’s 
neuroprotective effects. Changes in the expression of the 
neurotrophin, NTN, and its receptor, GFRα2, also indicate 
the neuroprotective effect of pioglitazone. The increased 
levels of NTN and GFRα2 suggest that PGZ enhances 
neurotrophic support of both the pelvic ganglia and axons 
innervating the penis after cavernosal nerve injury. PGZ also 
significantly upregulated β-III tubulin gene expression, 
which provides a favorable environment for the regrowth of 
injured axons.  

A potential criticism of this study is the clinical 
applicability of this model. The 6.5-mg/kg dose in the rat 
translates to 455 mg daily in a 70-kg adult male, which is 
higher than the Food and Drug Administration 
(FDA)-approved dose of 15-45 mg daily. This causes 
concern given the association between PGZ and the 
exacerbation of congestive heart failure. The FDA has issued 
a black-box warning related to PGZ and congestive heart 

failure [22] . Nonetheless, this study suggests future directions 
for further investigation of the utility of this class of TZD in 
the prevention of post-prostatectomy ED caused by 
cavernosal nerve injury. Our group is currently investigating 
the specific mechanism through which PGZ acts on the 
cavernosal nerve following a crush injury. Further 
understanding of this mechanism may allow development of 
certain pharmacologic agents that can provide the benefits of 
PGZ without the drawbacks. 
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