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Abstract
Introduction—The opiorphins are a newly characterized class of peptides that act as potent
endogenous neutral endopeptidase (NEP) inhibitors. Recent reports have suggested that they play an
important role in erectile physiology.

Aim—This article reviews recent developments that increase our understanding of the role of the
opiorphin family of peptides in erectile physiology.

Methods—During a microarray screen of gene changes that occur in a rat diabetic model of erectile
dysfunction (ED), Vcsa1 was one of the most down-regulated genes in the rat corpora. Quantitative
real-time polymerase chain reaction demonstrated that in at least three models of diseases that result
in ED (diabetes, aging, and cavernous nerve [CN] transection), Vcsa1 was down-regulated in the rat
corpora. The human opiorphin family of genes (hSMR3A/B and ProL1) also acts as markers of erectile
function in patients with ED.

Main Outcome Measures—The reader will be informed of the most current research regarding
the role of opiorphins in urogenital smooth muscle biology.

Results—These observations led to the suggestion that genes encoding opiorphins (and potentially
their peptide products) can act as markers of ED. Gene transfer of plasmids overexpressing Vcsa1
in aging rats, as well as intracorporal injection of sialorphin, led to an improvement in erectile
function. In organ bath studies, we demonstrated that sialorphin can cause increased rates of
relaxation of corporal smooth muscle (CSM). We have also demonstrated that in vitro, Vcsa1 causes
changes in the expression of G-protein-coupled receptors (GPCRs). This has led us to suggest that
the action of Vcsa1 on erectile physiology may act through relaxation of CSM by its ability to act as
an inhibitor of NEP, therefore prolonging the action of peptide agonists at their GPCRs.

Conclusions—Overall, there is a growing body of evidence that the opiorphins play a role in
regulating CSM tone and thereby erectile function.
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Introduction
There is a growing evidence that a family of peptides, called opiorphins, plays an important
role in the regulation of a diverse range of physiologic processes, including erectile function.
The opiorphins are pentapeptides derived by post-translational processing from their parent
proteins [1,2]. In humans, there are three genes encoding opiorphin homologs: ProL1,
hSMR3A, and hSMR3B [3]. The name opiorphin was first applied to the pentapeptide product
of ProL1 by Catherine Rougeot of the Pasteur Institute in 2007 [1]. The other human homologs,
hSMR3A and hSMR3B, are two very closely related genes, both of which are potentially post-
translationally processed to the same opiorphin homolog, which we call hSMR3, to distinguish
it from opiorphin (Table 1). In rats, the Vcsa1 gene encodes the opiorphin homolog, called
sialorphin [2]. Vcsa1 has a very tissue-specific distribution. In the rat, the main tissues where
the transcript is significantly expressed are the corporal smooth muscle (CSM), submandibular
gland (SMG), and prostate [2,4].

Vcsa1 expression is hormonally regulated by androgens, resulting in a marked gender-specific
expression of Vcsa1. There is a 1,000-fold greater expression in the SMG of male rats vs.
female rats [5]. The expression of Vcsa1 in the two other major sites of synthesis in the rat (the
CSM and prostate) is also potentially regulated in an androgen-sensitive manner, as both organs
have been shown to express androgen receptors [6,7]. In addition, the release of the sialorphin
pentapeptide from the SMG into the bloodstream or saliva has been shown to be subject to
regulation by epinephrine. Circulating levels of sialorphin under resting conditions are
approximately 0.4 ng/mL; however, following intraperitoneal injection of epinephrine, serum
levels increased to about 1.2 ng/mL [2].

Genes for the Opiorphins Are Down-Regulated in the Corporal Tissue of
Animals with Erectile Dysfunction (ED)

Our interest in the role of Vcsa1 in erectile function began in 2005. During that year, we were
performing microarray analysis of gene expression changes that occur in the corpora of a Type
1 model for diabetes (streptozotocin-treated rats). One of the results of this analysis was that
expression of the Vcsa1 gene is significantly down-regulated in corporal tissue with the onset
of diabetes-induced ED. The down-regulation of the gene is related to the duration of diabetes.
It is the most down-regulated gene (14.3-fold) by microarray analysis after 4 months of diabetes
(Table 2). We focused on the Vcsa1 gene because of a publication in 2003 from Kevin
McVary’s group at Northwestern University that had shown that the same gene (called
SMR3A at that time) was down-regulated in the corpora of rats in a neurogenic model of ED
[8]. In both models of ED at later time points (in the neurogenic model after 28 days [8] and
in the diabetic model at 6 months [Table 2]), there was some reversal of the down-regulation
of Vcsa1, which was suggested to be a compensatory mechanism in the neurogenic model of
ED [8].

Using quantitative real-time polymerase chain reaction, we demonstrated that the Vcsa1
transcript was down-regulated not only in diabetic animals but also in the corpora of old animals
with ED. In order to determine erectile function, we measured the intracorporal pressure/blood
pressure (area under the curve, ICP/BP) ratio following electrostimulation of the cavernous
nerve (Figure 1A). In older rats, there is a decrease in the ICP/BP ratio when the cavernous
nerve is electro-stimulated compared with younger animals. In Sprague–Dawley rats, this
occurs at around 9–10 months of age. We demonstrated that this decrease of erectile function
with age was accompanied by a decrease in the levels of Vcsa1 transcript in the corpora (Figure
1B). This work led us to suggest that Vcsa1 acts as a marker of ED resulting from several
etiologies [4].
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In two recent articles, we have shown that compared with patients without ED, the human
homologs to Vcsa1 (hSMR3A/B and ProL1) are also reduced in expression in corporal tissue
from patients with ED as a result of diabetes or with ED not related to diabetes [3,9]. In addition,
by determining the effects of gene transfer of plasmids expressing hSMR3A/B or ProL1 on
erectile function in the rat, we hypothesized that both ProL1 and hSMR3A/B have similar roles
in erectile physiology to Vcsa1 [3].

We have therefore proposed that the opiorphin family of genes may act as a biomarker for
organic ED. The importance of identifying markers for ED has developed with an increasing
realization within the medical community that ED is strongly correlated with the overall health
of men. ED may act as a predictor for the development of cardiovascular disease (CVD) and
diabetes. It is now recommended that patients with ED should be put on cardioprotective
regimens. Given this scenario, it would be useful to distinguish between disease-and aging-
based (organic) dysfunction from potentially reversible anxiety or psychogenic ED using an
objective test with a biomarker. Also, it could be potentially useful to inform patients that ED
is psychogenic and a reversible condition, as well as medical insurance reimbursement issues.
In addition, such biomarkers may act as objective measures of the type and degree of ED and
as a measure of the efficacy of treatment.

Sialorphin Can Directly Impact Erectile Physiology
We have demonstrated that the Vcsa1 gene can have a direct effect on erectile physiology. We
intracorporally injected plasmids expressing Vcsa1 (pVAX-Vcsa1) into the corpora of old (9–
10 months) Sprague–Dawley rats and compared the effect on erectile function with the empty
vector (pVAX) and a positive control (pVAX-hSlo) ([4,9]. pVAX-hSlo is a potential gene
therapy treatment of ED in clinical trials [10–12]. Erectile function was determined 1 week by
observation, histology, and ICP/BP following electrical stimulation of the cavernous nerve
with 0.75 or 4 mA. At the higher doses (80 μg or higher) of plasmids expressing Vcsa1 or
hSMR3A, there were visible indications of edema, a possible indication of a vasocongested
state, whereas in untreated control animals, corporal morphology appeared normal [3,4,9].
Histologic examination and comparison to control animals also suggest that Vcsa1 and
SMR3A cause changes in the morphology of the penis, which might be a result of
vasocongestion (priapism-like state). The dorsal vein is often enlarged in the treated animals,
which would occur if there was increased blood flow or post-penile obstruction (not observed).
In addition, there is evidence of sinusoidal congestion of blood in animals treated with
Vcsa1 and hSMR3A but not observed in the control animals. We hypothesized that this priapic-
like condition resulted in damage to the penile tissue, which reduced the ICP/BP response to
electrical stimulation (Figure 2). However, at lower levels of gene transfer of pVAX-Vcsa1 (5
and 25 μg), there was a significant increase in erectile function compared with the control.

In a separate article, we also demonstrated that the gene product of Vcsa1, sialorphin, also has
a direct effect on erectile physiology [13]. We injected 100 μg sialorphin directly into the
corpora of old (9–10 months) rats. Over the course of 1 hour, we measured the ICP/BP ratio
following stimulation at 0.75 and 4 mA. We observed that there was a significant improvement
of erectile function by sialorphin after 35–45 minutes, which increased with a longer time point
(55–65 minutes) [13]. The long-lasting effect of sialorphin suggests that it binds tightly to its
targets in the corpora.

Erectile function is physiologically related to the ability of the CSM tissue to “relax.” Therefore,
we determined the effects of sialorphin on the tension of CSM strips under various conditions
in an organ bath. Tissue strips were first contracted with phenylepherine. C-type natriuretic
peptide was then added to the bath, which induces relaxation through activation of GPCR
signaling pathways [14]. Addition of sialorphin to the media caused an increase in the rate of
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relaxation of CSM tissue. We proposed that the ability of sialorphin to improve erectile function
was an increase in the ability of CSM to undergo relaxation.

The Opiorphin Homologs Are Inhibitors of Neutral Endopeptidase (NEP)
Both sialorphin and opiorphin have been shown to be inhibitors of NEP [1,15]. NEP plays an
important role in regulating the activity of peptide agonists by catalyzing their proteolysis and
removal from membrane receptors to which they are bound. The inhibition of NEP by the
opiorphin homologs could therefore influence the physiology of a wide variety of tissues by
causing extended binding time of peptide agonists to their receptors. One of the most important
groups of peptide receptors are G-protein-coupled receptors (GPCRs), which are a superfamily
of proteins with over 800 estimated to be encoded by the human genome [16–18]. The GPCRs
function in the regulation of transmission of signals from the cell membrane to the interior of
cells. Defects in their regulation can result in uncontrolled stimulation of cellular processes
resulting in diseases such as blindness, obesity, inflammation, depression, asthma, and
hypertension [19,20]. Given the central importance of GPCR in regulating cellular pathways,
it is not surprising that the majority of all prescribed drugs target either activation of GPCR or
their downstream pathways [21,22]. Cells have evolved several mechanisms to prevent
overstimulation of GPCR signaling pathways; for example, long-term exposure of cells to
GPCR agonists results in the down-regulation of GPCR expression through altered rates of
receptor degradation and synthesis [23].

The Opiorphins Regulate GPCR Expression
Recent results from our laboratory demonstrate that in CSM in vitro, down-regulation of
Vcsa1 through siRNA knockdown causes a compensatory up-regulation in the expression of
GPCR [24]. We hypothesized that in CSM cells, there is a compensatory up-regulation of the
GPCR as a result of the decreased stimulation of agonists at the GPCR because of the increased
activity of NEP in the absence of sialorphin (as shown in Figure 3). The down-regulation of
Vcsa1 expression, although effecting up-regulating GPCR receptors as a group, changes the
expression of individual receptors to different levels. Although the activation of GPCR could
potentially result in either an increase or decrease in smooth muscle tone, a possible explanation
for the decrease in smooth muscle tone caused by Vcsa1 may be a result of this differential
targeting of specific GPCR.

As a wide range of cellular processes are regulated through GPCR signaling, it is not surprising
that sialorphin, which can alter the duration of binding of an agonist to its receptor, has been
demonstrated to be involved in several physiologic processes, such as pain perception,
antidepressant effects, sexual behavior, and erectile function in rats [4,13,15,25]. Other
synthetic NEP inhibitors, such as phosphoramidon and thiorphan, have also been shown to
have similar physiologic effects on the vascular, cardiovascular, and renal function of rats
[14,26].

We hypothesized that the ability of the opiorphins to relax CSM, and thereby cause an erection
(or at higher levels, a priapic-like condition), is mediated through their ability to modulate NEP
activity and, therefore, the activity of peptide agonists bound to the cell membrane. As the
opiorphins are released into the bloodstream, they also have the potential to act on organs distal
to their sites of synthesis. This could be a possible explanation for ED being a predictor of
CVD [27–29]. It is assumed that this correlation is because of the common mechanisms of
generation of vascular disease acting in the endothelial cells of blood vessels in the penis and
heart [30–32]. However, our work raises the possibility that the down-regulation of expression
of human opiorphin genes in the penis and, thereby, circulating levels of sialorphin, may
potentially modulate GPCR activity in other vascular tissues resulting in pathophysiology.
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Figure 1.
(A) The erectile function was determined in seven young (3–4 months) Sprague–Dawley rats
and six old (9–10 months) Sprague–Dawley rats. The average intracorporal pressure/blood
pressure (ICP/BP) following stimulation of the cavernous nerve with 0.75 or 4 mA is shown.
*Significantly increased ICP/BP response at the level of stimulation in old compared with
young animals (P < 0.05). (B) The expression of Vcsa1 in the corpora of young and old (retired
breeder) Sprague–Dawley rats. The expression of Vcsa1 transcripts was normalized to the
housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase) and was analyzed using the
comparative crossing threshold method. The control bladder tissue was used as the calibrator
tissue (set as 1). Each quantitative polymerase chain reaction measurement was performed in
duplicate on six animals. The bars represent the mean comparative expression of the gene, and
the error bars represent the standard deviation. *Significantly different expression of Vcsa1
compared with the young animals (P < 0.05). (Figure is based on data published in Tong et al.
[4].)
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Figure 2.
Erectile function was determined by measuring intracorporal pressure/blood pressure (ICP/
BP) following electrical stimulation of old rats following various intracorporal gene transfer
treatments using 5, 25, or 80 μg pVAX-Vcsa1 or empty vector (100 μg pVAX). A positive
control was the plasmid expressing hSlo (100 μg pVAX-hSlo), which is currently undergoing
clinical trials for treatment of patients with erectile dysfunction, and a negative control was the
empty plasmid. *Significant difference in ICP/BP to the control animals (100 μg pVAX) at
the same level of stimulation (P < 0.05). These data are a compilation of data published and
described in more detail by our group [4].
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Figure 3.
An agonist binds to G-protein-coupled receptors (GPCRs) to activate Ga-subunit. Neutral
endopeptidase (NEP) acts on the agonist to remove it. The action of sialorphin is to prolong
agonist stimulation of its receptor.
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Table 1

The opiorphin family of genes and the mature peptides they encode

Gene sequence Pentapetide Species Amino acid

Vcsa1 Sialorphin Rat QHNPR

ProL1 Opiorphin Human QRFSR

hSMR3A/B hSMR3 Human QRGPR (hypothetical peptide)

Consensus Q r · p R
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Table 2

Vcsa1 expression in corpora of diabetic compared with normal animals as determined by microarray analysis
using the RGU34A chip

Duration of diabetes Rank Fold change (average) Number of microarrays

1 week 480 −1.5 7

2 months 5 −3.6 5

4 months 1 −14.3 3

6 months 65 −3.2 3

M = log fold difference; rank = position on a ranked list of all genes (approximately 8,800) going from most fold change to least fold change; N =
number of diabetic microarray chip analyzed in this analysis.
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