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Introduction

In this issue of Cancer Prevention Research, 1slam and colleagues from the Browning group
report that sildenafil (Viagra), an FDA-approved drug prescribed for the treatment of
pulmonary arterial hypertension (PAH) and erectile dysfunction (ED), can suppress colitis
and tumor development in an inflammation-driven mouse model of colorectal cancer [1].
Sildenafil belongs to a class of drugs, including vardenafil (Levitra) and tadalafil (Cialis)
that potently and selectively inhibit the phosphodiesterase (PDE) isozyme, PDE5. PDES has
a highly specific function to catalyze the hydrolysis of cyclic guanosine monophosphate
(cGMP), a critically important signaling molecule capable of regulating multiple aspects of
cell physiology. By inhibiting cGMP degradation, PDES5 inhibitors can rapidly increase
intracellular cGMP levels to activate cGMP-dependent protein kinases (PKG) and
phosphorylate key proteins that regulate diverse cellular functions. Relaxation of smooth
muscle cells lining the blood vessels of the pulmonary circulation or the corpus cavernosum
of the penis explains the benefits of sildenafil for PAH or ED, respectively, while
suppression of cell proliferation and increased mucinous differentiation in the colonic
mucosa appear to be responsible for the ability of sildenafil to inhibit colorectal
tumorigenesis. The authors also provide evidence that colorectal tumorigenesis is associated
with deficiencies in cGMP levels.

Background

Chronic inflammation is a well-known driver of tumorigenesis. Nonsteroidal anti-
inflammatory drugs (NSAIDs) have been widely reported to inhibit tumorigenesis in
multiple rodent models, while many epidemiological studies have concluded that the long-
term use of NSAIDs can significantly reduce the risk of death from colorectal and other
cancers in humans. The rationale for evaluating sildenafil in an inflammation-driven mouse
model of colorectal cancer stemmed from previous studies reporting chemopreventive
activity of sulindac sulfone (exisulind) in a rat model of chemical-induced colon
tumorigenesis [2]. Sulindac sulfone is a non-cyclooxygenase (COX) inhibitory metabolite of
the NSAID, sulindac that inhibits colon tumor cell proliferation and induces apoptosis by a
mechanism reported to involve the inhibition of PDE5 and possibly other cGMP PDE
isozymes [3]. An association between potency to inhibit tumor cell proliferation and cGMP
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PDE activity was also observed for the COX inhibitory sulfide metabolite of sulindac [4, 5].
Sulindac is among the most effective NSAIDs to cause regression of adenomas in familial
adenomatous polyposis (FAP) patients [6], but the long-term use of sulindac or other
NSAIDs for chemoprevention is not recommended because of gastrointestinal and other
toxicities resulting from COX inhibition and the suppression of physiologically important
prostaglandins.

Likely because of a structural resemblance to cGMP, sulindac sulfide inhibits cGMP
hydrolysis by several PDE isozymes, including PDE2, 3, 5, and 10 at concentrations that
inhibit colon tumor cell growth /n vitro[7]. PDES is the most sensitive PDE isozyme to
sulindac sulfide that appears to be an important target based on experiments showing that
PDES5 knockdown by siRNA, PDES5 inhibition by small molecules, and cGMP agonists
inhibit colon tumor cell growth and that PDES is up-regulated in colon adenomas and
adenocarcinomas relative to normal mucosa [4, 8]. However, the involvement of additional
cGMP PDE isozymes could not be ruled out given that high concentrations of sildenafil
exceeding those required to inhibit purified PDES5 are necessary to inhibit colon tumor cell
growth whereas the inhibition of additional cGMP PDE isozymes could contribute to its
tumor cell growth inhibitory activity. Thus, the /in vivo evaluation of sildenafil in a colitis-
induced mouse model of colon tumorigenesis effectively tested the hypothesis that PDE5
represents a target for colorectal cancer chemoprevention.

Salient Findings

Experiments in mice described by Browning show that a clinically relevant dosage of
sildenafil can inhibit proliferation and induce mucinous differentiation in colonic mucosa.
Intestinal damage caused by the irritant, dextran sulfate sodium (DSS) as assessed by barrier
function and other indicators of colitis, including weight loss, bleeding, and diarrhea was
suppressed by sildenafil. Sildenafil also protected against weight loss and reduced the
multiplicity of colon polyps by approximately 50% in mice challenged with DSS and the
carcinogen, azoxymethane (AOM). Treatment with sildenafil prior to the induction of
inflammation with DSS was as effective as continuous treatment, although starting sildenafil
after inducing inflammation was ineffective. The authors also noted a pronounced treatment
effect of sildenafil on mucinous differentiation in the normal colon mucosa, which was also
observed by other investigators analyzing biopsies from FAP patients treated with exisulind
where an inhibitory effect on polyp formation was observed [9]. Interestingly, the reduced
proliferation and increased mucus was also observed in polyps of sildenafil-treated mice in
the absence of detectable PKG activity. This could be explained by a suppressive effect of
sildenafil on myeloid-derived suppressor cells and supported by experiments showing
reduced infiltration of myeloid cells, as well as the expression of inflammatory mediators in
the treated polyps.

Evidence that colon tumorigenesis is associated with deficiencies in cGMP production is
shown by decreased levels of guanylin and guanylate cyclase C in polyps as compared with
normal colonic mucosa. While Browning reports that PDE5 mRNA levels were not elevated
in polyps relative to normal mucosa, mRNA levels of another cGMP degrading PDE
isozyme, PDE10, were strongly induced in polyps, which is consistent with reports by other
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investigators showing that PDE10 is elevated in human colon adenomas and
adenocarcinomas [9]. cGMP may therefore play an important role as a tumor suppressor in
the colonic mucosa where intracellular levels are aberrantly low as a result of reduced
expression of guanylate cyclase and/or increased expression of PDE10 in neoplastic cells.

Corroboration

A recent publication by Lin and colleagues essentially replicates observations made by
Browning using the AOM-DSS mouse model, although certain discrepancies were apparent
that will need to be resolved by future research [12]. For example, Lin showed that sildenafil
was ineffective if tumors were induced with only AOM, which suggests that the ability of
sildenafil to inhibit tumor formation in the AOM-DSS model is closely tied to an anti-
inflammatory effect and consistent with an inhibitory effect of sildenafil on inflammatory
mediators and infiltrate. On the other hand, Browning shows that sildenafil was effective if
administered prior to the induction of inflammation, which suggests an effect primarily
during the initiation stage of tumarigenesis, possibly by reduced proliferation and a more
resilient barrier function to make the epithelium more resistant to genotoxic stress by AOM.
However, sildenafil was not effective if administered after the 15t DSS cycle during the
promotion stage of tumorigenesis. In addition, Browning reported that sildenafil decreased
cell proliferation, but did not induce apoptosis and observed no change in PDE5 mRNA
levels, while Li et al. reported decreased proliferation and increased apoptosis with sildenafil
treatment, along with an increase in PDE5 protein levels in tumors relative to normal
mucosa. Some of these differences may be attributed to differences in how sildenafil was
administered between the two groups. For example, Browning administered sildenafil at a
low dose continuously by drinking water, while Lin administered a high dose by multiple
intraperitoneal injections.

Interpretations

The preventive activity of sildenafil on polyp formation as observed by Browning could be
interpreted as modest given that treatment caused only a 50% inhibition of polyp formation,
as well as the inability of sildenafil to inhibit tumor formation if treatment was started during
late stages of carcinogenesis. A possible explanation for the modest activity of sildenafil as
observed in the AOM-DSS mouse model may be that high expression of a cGMP degrading
PDE isozyme other than PDES5 in neoplastic cells could override or compensate for a PDE5
selective inhibitor by maintaining low intracellular cGMP levels. Indeed, the PDE isozyme
composition within a given tissue is well known to be an important determinant of
sensitivity to PDE isozyme-specific inhibitors. As such, the prominent overexpression of
PDE10 relative to PDES5 in polyps compared to normal colonic mucosa may limit the
sensitivity to sildenafil treatment or cause resistance. Previous reports that PDE10 is
essential for the proliferation of colon tumor cells and that PDE10 inhibitors are highly
effective in the APC mouse model colon cancer suggest potential advantages of combining a
PDE10 and PDES5 inhibitor [10, 11, 13, 14]. There may also be benefits of combining
sildenafil with sulindac to activate cGMP signaling and inhibit COX activity for suppressing
both the proliferative and inflammatory components of colorectal cancer progression.
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Conclusions

The strength of the Browning publication is the use of a pharmacologically relevant dose of
sildenafil to prevent colorectal cancer in a mouse model equivalent to a 70 kg man taking a
35 mg daily dose that could be rapidly translated to human clinical trials. While the efficacy
of sildenafil in the AOM-DSS mouse model might be perceived as modest, one cannot
predict how sildenafil will perform in humans at risk of developing colorectal cancer, for
example, from polyposis syndromes, family history, or inflammatory bowel disease (IBD).
This study also supports clinical trials to determine potential benefits of combining sildenafil
with sulindac for colorectal cancer chemoprevention in individuals with IBD to suppress
tumor cell proliferation and inflammation. In addition, the observations encourage
epidemiological studies to examine a potential relationship between the use of PDE5
inhibitors and the incidence of or risk of death from colorectal cancer in the general
population. Since sustained plasma levels of a PDES5 inhibitor may be optimal for
suppressing inflammation and tumor cell proliferation, it would be interesting to determine
if long-acting PDES5 inhibitors having an extended half-life (e.g. tadalafil) will out-perform
sildenafil. Finally, the observations support further exploratory research into a potential role
of PDE10 in colorectal carcinogenesis and the development of PDE10 inhibitors for
chemoprevention in individuals with polyposis syndromes at a high risk of developing
colorectal cancer, especially with the possibility of treating sessile polyps that may be
missed during colonoscopy.
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Figurel.
Scheme showing PDE5/cGMP regulation of B-catenin transcriptional activity. Red dotted

lines indicate the effect of sildenafil. The large size arrow representing degradation of cGMP
by PDE10 signifies a potential mechanism of resistance to sildenafil.
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