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Abstract: Tadalafil is a selective phosphodiesterase type-5 (PDE5) inhibitor that is approved for the 

treatment of men with erectile dysfunction (ED) and/or benign prostate hyperplasia (BPH) associ-

ated symptoms. Besides its classical actions on PDE5 within the genitourinary tract, where the spe-

cific enzyme expression is maximal, it may exert different systemic effects. This is mainly due to the 

pleiotropic distribution of PDE5 enzyme throughout human (and animal) body, where it can exert 

protective effects in different clinical conditions. Recently, it has been demonstrated that tadalafil 

may display novel actions on androgen receptor (AR) expression and activity, cytochrome P19a1 

(Cyp19a1) and estrogen receptor β (ERβ) expression in different in vitro systems, such as adipose, 

bone and prostate cancer cells where it can act as a selective modulator of steroid hormone produc-

tion. This may determine novel potential mechanism(s) of control in pathophysiologic pathways. In 

this review we summarize basic research and translational results applicable to the use of tadalafil 

in the treatment of different clinical conditions. 
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1. Introduction  

The phosphodiesterase (PDE) enzyme superfamily consists of 11 isoforms (PDE1–

PDE11) that modulate the intracellular concentrations of cyclic adenosine monophosphate 

(cAMP) and cyclic guanosine monophosphate (cGMP) by catalyzing their degradation to 

inactive 5' nucleotide monophosphates. Interestingly, cAMP and cGMP are ubiquitous 

second messengers, which regulate multiple functions in virtually all eukaryotic cells. The 

deregulation of these factors has been involved in several pathophysiological processes 

and diseases, including cancer [1]. Consequently, PDEs regulate many physiological pro-

cesses whilst their altered expression, localization and function are implicated in the path-

ogenesis of several diseases, [2-3] where these enzymes have been shown to be often over 

expressed and/or aberrantly activated, thus promoting the onset and progression of tu-

mors [4].  

In the last decades, numerous pharmaceutical compounds that selectively inhibit the 

catalytic activities of PDEs have been developed for the treatment of various diseases, but 

only PDE5 inhibitors (PDE5i) reached clinical application mainly for treating male erectile 

dysfunction (ED) [5]. PDE5i inhibit cGMP-dependent PDE5 in the penile corporal smooth 

muscle, and their efficacy is based on the ability to block the cGMP break-down, produced 

by the nitric oxide (NO)-dependent activation of guanylyl cyclase. Initial studies in 

transgender males demonstrated that small PDE5 amounts are present in different extra-

genital tissues from humans, such as skeletal muscle, heart, lung, and adrenal gland [6]. 

Successive preclinical and clinical observations, coming from our and other research units, 

demonstrated that tadalafil modulates the aromatase (ARO) activity and the expression 

and function of the androgen receptor (AR) in lines of bone, breast, prostate, adipose and 
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muscle cells, suggesting a possible direct interaction with steroid hormones [3,7-9]. Thus, 

the aim of this review will be to summarize the putative effect of tadalafil on ARO activity 

and on steroid hormone receptor(s) expression by using both in vitro and in vivo different 

cellular models and to translate them into possible clinical applications.  

2. PDE5i and adipocytes 

Controversial data confirming a role for PDE5 in adipocyte biology in vitro have been 

reported [1]. Serendipity, a clinical observation coming from our pilot study suggested 

that the administration of tadalafil in men with ED was associated with an increase of 

serum testosterone/estradiol (T/E2) ratio, mainly due to significant reduction of E2 levels 

[3]. In that pilot study, where both lean and obese subjects were investigated, no clear-cut 

explanation for the observed serum E2 decrease was found as to why this effect might 

have occurred; even if a possible variation of the ARO activity was hypothesized, in that 

moment any potential effect of PDE5i on ARO were unknown [7]. On the basis of this 

clinical data we subsequently found for the first time that PDE5 mRNA is present in hu-

man adipocytes and that selective PDE5 inhibition significantly stimulated ARO mRNA 

expression in mature adipocytes in vitro, upon short-time exposure with parallel increase 

in E2 concentrations in the supernatant [2]. E2 is synthesized by cytochrome P450-ARO 

which converts androgens into estrogens; indeed, changes at the level of estrogen biosyn-

thesis are closely related to modifications in the transcription of ARO, and may play an 

important role, with regard to cardiovascular and metabolic disease prevention [2]. These 

findings showed for the first time that acute PDE5i exposure is able to increase ARO 

mRNA expression which should translate to beneficial clinical effects. In fact, these re-

sults, in addition to our previous clinical observations [3], led us to speculate that, at least 

in theory, a tadalafil-related stimulation of ARO activity could positively modulate the 

serum T/E2 ratio in vivo during chronic treatment with PDE5i, and this might represent a 

possible mechanism influencing fat-mass content and hormonal functions [2]. Im-

portantly, in a mouse model of diet-induced insulin-resistance, chronic treatment with the 

PDE5i sildenafil caused a significant improvement in insulin sensitivity [4].  Moreover, 

successive studies investigated the expression and activity of PDE5 in different sites of 

human adipose tissue (i.e. visceral vs. subcutaneous) and also in different metabolic ani-

mal conditions, and revealed that tadalafil counteracted high fat diet-associated visceral 

adipose tissue alterations, by restoring insulin-sensitivity and prompting preadipocytes 

differentiation towards a metabolically healthy phenotype where brown fat-specific genes 

(such as uncoupling protein-1 ;UCP1) are mostly expressed. [5]. Finally, clinical studies 

using chronic tadalafil administration in men with ED demonstrated that it was able to 

improve insulin secretion [6] and to reduce visceral fat mass in non-obese men with pros-

tate dysfunctions [7]. In addition, also skeletal muscle it has been demonstrated to be a 

target tissue for tadalafil, and experimental data support its pharmacological actions on 

modulating glucose metabolism i.e. through direct control on insulin signaling, on im-

proving sex hormones profile and body composition, and on ARO expression, as well as 

increasing exercise capacity due to its cardiovascular and vasodilatory effects, as demon-

strated by in vitro and in vivo studies [9]. Thus, we can speculate that the stimulation of 

the NO/cGMP signal transduction system through PDE5 blockade can provide new, ef-

fective and reliable ‘target’ for deranged adipose tissue pathways, suggesting potential 

role in the treatment of some forms of abdominal fat accumulation and mild obesity. (Fig. 

1).  
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Figure 1. Schematic representation of the relationship between tadalafil and steroids pathways in adipocyte cells, osteo-

blastic cells and prostate cancer cell line and the clinical translational perspective of tadalafil. Tadalafil may modulate the 

expression of molecules such as Cyp19a1 and the androgen receptor (AR). In particular tadalafil increase the expression 

of AR in osteoblastic cell and prostate cancer cell line and decrease the Cyp19a1 expression in osteoblastic cells whereas 

Tadalafil increase the expression of Cyp19a1 in adipocyte and prostate cancer cell line. 

3. PDE5i and bone 

Over the last two decades many physiological studies have demonstrated a tight as-

sociation between NO, PDEs and bone cells homeostasis [10]. Preclinical studies showed 

that mice lacking NOS presented an osteoporotic phenotype, and both preclinical and 

clinical studies showed that the treatment with NO donor drugs improved bone mineral 

density and reduced fracture risk [11-14]. Moreover, murine studies showed that a high 

function of the cGMP–dependent protein kinase G (PKG), which is the downstream target 

of NO and inactivated by PDEs, determines a high bone mass phenotype [15, 16], suggest-

ing a key role for the NO-cGMP-PKG axis in regulation of bone remodeling, and suggest-

ing that the inhibition of PDEs may represent a protective factor against bone loss. In a 

recent interesting study, Kim at al demonstrated that the expression of PDE5A was sig-

nificantly higher in the bone of old mice than that in young ones, as well as the expression 

of molecular components of the NO-cGMP-PKG axis, and demonstrated that the admin-

istration of tadalafil and vardenafil, increased bone mass through central and peripheral 

actions. In particular, they observed that PDE5i act directly on osteoblasts by modulating 

the expression of specific genes involved in the osteoblastogenesis (Ogn and Bsp were up-

regulated; Bmp2 was suppressed), in a time- or dose-dependent manner, or both [10]. Fi-

nally, since PDE5A-positive sympathetic neurons were found to innervate bone [17, 18], 

Kim et al studied the osteoblast precursors of tadalafil- and vardenafil-treated mice, and 

demonstrated that both drugs suppressed specific sympathetic neurons-regulated genes 

involved in osteoblast precursor proliferation (Per1, Per2, Bmal1, Myc, and Ccnd), and ex-

erted a direct anabolic action favoring the mineralization process and new bone formation 

[10]. Thus, since the 47% of men over 50 years are clinically positive for osteopenia [19], 

the authors concluded that the use of PDE5i in aging men, to treat ED and/or BPH associ-

ated symptoms and low urinary tract symptoms (LUTS), may protect them from bone loss 

[10]. Moreover, in a rat model of glucocorticoid-induced osteoporosis, markers of oxida-

tive stress and bone atrophy were significantly reduced by treatment with the PDE5i, 

zaprinast and avanafil [20], while the PDE5 inhibition, with vardenafil, udenafil, and tada-

lafil, increased bone angiogenesis and bone formation rate, as well as improved oxidative 

stress markers and resorption markers, in osteoporotic ovariectomized rats [21] Similar 
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observations were found by Pal et al in a model of mouse calvarial osteoblasts treated 

with sildenafil and vardenafil, which increased surface referent bone formation, serum 

bone formation marker P1NP, expression of vascular endothelial growth factor and its 

receptor 2 in bones and osteoblasts, and increased skeletal vascularity [22] Finally, we 

demonstrated that human osteoblasts (SAOS-2) express significant levels of both PDE5 

mRNA and protein, and that their exposure to increasing concentrations of tadalafil [10(-

8)-10(-7) M] decreased PDE5 mRNA and protein expression. Also, in this cellular model, 

we demonstrated that tadalafil inhibited ARO mRNA and protein expression leading to 

an increase in T levels in the supernatants, and that interestingly, tadalafil increased total 

AR mRNA and protein expression and decreased ERα, with an increased ratio of AR/ER, 

suggesting preferential androgenic vs estrogenic pathway activation. [23]. These results 

are consistent and confirm that tadalafil decreases ARO expression and increases AR pro-

tein expression in human SAOS-2 cells, strongly suggesting a new control of steroid hor-

mones pathway by PDE5i, representing the first evidence of translational actions of PDE5i 

on AR, which leads to hypothesize a growing relevance of this compound in men with 

ED and prostate diseases long-term treated with tadalafil for sexual rehabilitation [23]. 

Unfortunately, no targeted results from clinical studies are available at present. Certainly, 

to confirm the hypothesis coming from preclinical observations, ad hoc designed clinical 

studies having as primary endpoint the effects of PDE5i on bone metabolism and skeletal 

preservation (Fig. 1), in aging male, are deemed necessary.  

4. PDE5i and prostate 

PDE5i are largely used as daily treatment for BPH-related LUTS where they reduce 

spontaneous contractility of the glands, thereby reducing the muscle tone of the genitou-

rinary tract [8]. The reported up-regulation of PDE5 in hyperplastic human prostate could 

provide a rationale for the high efficacy of PDE5i in treating patients with LUTS/BPH 

with/without ED [27]. By contrast, a specific inhibitory growth pattern on prostate tissue 

has not been clearly documented. Immunohistochemical studies have shown PDE5 im-

munolocalization mainly in the fibromuscular stroma and vascular (endothelial and stem) 

cells in the rat and human prostate from BPH subjects [25], as well as in glandular and 

subglandular areas of human prostate cancer (Pca) patients [26]. 

PCa is a leading cause of death in adult male and often castration-resistant prostate 

cancer (CRPC) has a lower therapeutic response to conventional chemotherapy [24], and 

the expression of PDE5 and cGMP-signaling pathway in normal and cancerous prostate 

tissues and their possible involvement in carcinogenesis still remain controversial. Alt-

hough PDE5i are largely used after oncological curative treatments for PCa, PDE5 immu-

nolocalization studies in prostate adenocarcinomas have not been exhaustively reported 

in the literature. In order to properly localize PDE5 expression, Bisegna et al. [28] recently 

found PDE5 overexpression in the stromal compartment of hyperplastic prostate samples. 

Interestingly, their immunohistochemical study showed a 22% of PCa samples expressing 

PDE5 in the epithelial compartment compared to normal (8%) or hyperplastic samples 

(11%), and that such positivity was not correlated with the Gleason grading system. More-

over, recent data suggest that sildenafil and vardenafil may induce PDE5-independent 

apoptotic sensitization to doxorubicin (or other topoisomerase II inhibitors), thus suggest-

ing a combinatory treatment as an important strategy for anti-CRPC development [29]. 

This prompted us to investigate the effects of tadalafil on the expression of AR and 

Cyp19a1, and its potential impact in modulating the antiproliferative activity of androgen 

deprivation therapy (ADT) in human PCa androgen-sensitive human PCa cell line 

(LnCAP) cells. We demonstrated for the first time that tadalafil can modulate AR expres-

sion in prostate cancer cells in vitro. We also showed that tadalafil induces the stabilization 

and reduces the degradation of AR, that is more efficiently accumulated within the nu-

cleus [30]. Interestingly, this effect could lead to a potential anti-cancer action of tadalafil 

by enhancing the therapeutic effect of ADT. In this PCa cell-line, the acute exposure of 

LNCaP to tadalafil did not affect cell viability, as well as proliferation rate. Tadalafil up-

regulates AR protein expression and transcriptional activity, without affecting neither 
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metabolism nor proliferation of PCa cells [30]. AR is the classical target for PCa prevention 

and treatment, but more recently estrogens and their receptors have also been implicated 

in both development and tumor progression. Increasing evidence demonstrate that local 

estrogen signaling mechanisms are required for prostate carcinogenesis and tumor pro-

gression [31]. Cyp19a1 (ARO) converts androgens into estrogens, and the role of estrogens 

in the pathophysiology of PCa is not well established. Bonkhoff confirmed the hypothesis 

according to which estrogens may play a major role in the regulation of prostate growth 

in men [32]. In detail, estrogen ERβ is the most prevalent ER in the human prostate, while 

the estrogen receptor alpha (ERα) is restricted to basal cells of the prostatic epithelium 

and stromal cells. In high grade prostatic intraepithelial neoplasia, the ERα might be up-

regulated while a partial loss of the ERβ might occur, suggesting a potential action as 

tumor suppressor. The ERβ is generally retained in hormone naïve and metastatic PCa, 

but it is partially lost in castration resistant disease [33]. Studies conducted in hy-

pogonadal ARKO mouse models, when exposed to E2, have demonstrated a pivotal role 

of estrogen in the proliferative response of the prostatic stroma and epithelium [34] Fi-

nally, induction of prostate carcinoma requires the combined actions of both T plus E2, 

since both androgens and estrogens have the potential to initiate changes in the prostate 

independently, but they cannot individually produce malignancy [35]. Moreover, in PCa 

cell lines, the AR antagonist bicalutamide (BCT) increased ARO expression and ERβ tran-

scriptional activity; indeed, in CRPC ARO expression was significantly increased in tumor 

samples. Our study carried on with LnCAP cells, demonstrated for the first time that 

chronic exposure (48hrs) to BCT produced a significant increase in ARO mRNA, that was 

reverted by co-treatment with tadalafil [30]. The inhibition of PDE5 has been shown to 

induce anticancer effects [36] both in pre-clinical [37, 38] and clinical experiences [39]. In-

deed, anastrozole and selective aromatase inhibitors (AIs) had been proposed for the treat-

ment of men with advanced prostate cancer, but nowadays, results are still inconsistent 

[40]. Attia and Ederveen demonstrated that high expression of ERβ in PCa cells increases 

cell apoptosis and decreases cell proliferation exerting a potential interesting pharmaco-

logical role in neoplastic lesions [41]. We herein speculate that the local increase in estro-

gen levels might activate ERβ intracellular pathway and that chronic exposure to BCT 

may induce loss of ERβ due to induction of Cyp19a1. Tadalafil potentiated the antiprolif-

erative activity of BCT in LnCAP cells [30] and co-treatment with tadalafil was able to 

block these effects, thus leading to hypothesize the maintenance of androgen responsive-

ness to anti-androgen therapy. (Fig. 1) 

5. Tadalafil and translational perspectives 

In the last decades, numerous pharmaceutical compounds that selectively inhibit the 

catalytic activities of PDEs have been developed for the treatment of various diseases, 

with PDE5i largely used for treating andrological disorders, such as ED, BPH associated 

symptoms and LUTS. It is actually known that the PDE5 enzyme is widely distributed in 

human tissues, including fat, bone and genitourinary tract, and that it is involved in the 

pathophysiological process of numerous diseases, including cancers. It has also been 

demonstrated that PDE5i can exert protective effects in different clinical conditions, apart 

from ED, such as myocardial infarction, endothelial dysfunction, platelet aggregation, in-

sulin resistance and, finally on skeletal muscle functions. However, to date, the molecular 

mechanisms underlining the interactions between tadalafil, steroid hormones and skeletal 

muscle metabolism and differentiation are still not clear, as well as the mechanisms by 

which PDE5i might positively influences hormone metabolism and physical activity. 

Since these considerations, in this review we have summarized basic research and trans-

lational results applicable to the use of tadalafil in the prevention and/or treatment of obe-

sity, bone loss and prostate cancer, in addition to the conventional therapies (Fig. 1). 

Adipocytes 

Several preclinical studies investigated the expression and activity of PDE5 in vis-

ceral and subcutaneous adipose tissue and revealed that tadalafil counteracted high fat 
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diet-associated visceral adipose tissue alterations, by restoring insulin-sensitivity, insulin 

secretion, and favoring brown fat-specific genes expression in animal models, as well sig-

nificantly stimulated ARO mRNA expression in mature adipocyte in vitro. On the other 

hand, several clinical studies showed as tadalafil is able to improve insulin secretion and 

reduce visceral fat mass, both in obese and non-obese men, suggesting that the NO/cGMP 

signal transduction system can represent a new pharmacological target for dysmetabolic 

adipose tissue, and that its stimulation through PDE5 blockade may have a potential role 

in the treatment of abdominal fat accumulation and obesity. 

Osteoblasts 

Preclinical studies regarding tadalafil and bone tissue interaction showed that PDE5 

inhibition favors osteoblast proliferation and differentiation, as well as mineralization and 

bone formation rate, probably through a direct control of steroid hormones pathway, as 

suggested from the observation that tadalafil decreases ARO expression and increases AR 

protein expression in human SAOS-2 cells in vitro, speculating a potential protective effect 

of tadalafil, on bone loss. 

Prostate cancer cells 

In vitro and in vivo studies showed that PCa cells overexpress PDE5, and that PDE5i, 

which are largely used after oncological curative treatments for PCa, exert a PDE5-inde-

pendent apoptotic sensitization to doxorubicin or other topoisomerase II inhibitors. This 

observation in addition to the recent demonstration that tadalafil modulates ARO and AR 

expression in a model of LNCaP, improving the local androgens/estrogens imbalance, 

suggests that tadalafil may counteract tumor progression and enhance the therapeutic ef-

fect of ADT, representing an important strategy for anti-CRPC development. 

6. Conclusions  

In this review we have summarized the putative effect of tadalafil on ARO activity 

and on steroid hormone receptor(s) expression by analyzing both in vitro and in vivo dif-

ferent cellular models to translate them into possible clinical applications. We conclude 

that tadalafil can operate as selective modulator of ARO expression and functions, de-

pending on the tissue and organ involved; it has stimulatory effects on adipocytes and 

PCa cell lines, whereas it has inhibitory actions on bone tissues. This dimorphism needs 

further to be investigated based upon sex differences in clinical context. Finally, mono-

morphism of action on facilitating translocation of AR into the nucleus independently 

from the system studied, opens new strategies for the chronic use of tadalafil when indi-

rect androgen action is needed in clinical context, i.e. CRPC and LOH. 

Abbreviations： 

AR 

PCa 

Androgen Receptor  

Prostate cancer 

Cyp19a1 Aromatase  

LnCAP 

BCT 

T 

ADT 

CRPC 

cAMP 

cGMP 

PDE 

PDE5i 

ED 

LUTS 

AIs 

Androgen-sensitive human PCa cell line 

Bicalutamide 

Testosterone 

Androgen deprivation therapy 

Castration-resistant prostate cancer 

Cyclic adenosine monophosphate 

Cyclic guanosine monophosphate 

Phosphodiesterase 

PDE5 inhibitor 

Erectile dysfunction 

Lower urinary tract symptoms 

Aromatase inhibitors 
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ERα 

ERβ 

LOH 

 

Estrogen receptor alpha 

Estrogen receptor beta 

Late Onset Hpogonadism 

 

References 

1. Zhang, X.; Ji, J.; Yan, G.; Wu, J.; Sun, X.; Shen, J.; Jiang, H.; Wang, H. Sildenafil promotes adipogenesis through a 

PKG pathway. Biochem. Biophys. Res. Commun. 2010, 396, 1054–1059; DOI 10.1016/j.bbrc.2010.05.064  

2. Aversa, A.; Caprio, M.; Antelmi, A.; Armani,A.; Brama, M.; Greco, E.A.; Francomano, D.; Calanchini, M.; Spera, 

G.; Di Luigi, L.; Rosano, G.M.;Lenzi, A.; Migliaccio, S.; Fabbri,A. Exposure to phosphodiesterase type-5 inhibitors 

stimulates aromatase expression in human adipocytes in vitro. J. Sex. Med. 2011, 8, 696-704; DOI 10.1111/j.1743-

6109.2010.02152.x  

3. Greco, E.A.; Pili, M.; Bruzziches, R.; Corona, G.; Spera, G.; Aversa, A. Testosterone:estradiol ratio changes associ-

ated with long-term tadalafil administration: a pilot study. J. Sex. Med. 2006, 3, 716-722; DOI: 10.1111/j.1743-

6109.2006.00264.x. 

4. Ayala, J.E.; Bracy, D.P.; Julien, B.M.; Rottman, J.N.; Fueger, P.T.; Wasserman, DH. Chronic treatment with sildena-

fil improves energy balance and insulin action in high fat-fed conscious mice. Diabetes 2007, 56, 1025-1033; DOI: 

10.2337/db06-0883  

5. Maneschi, E.; Cellai, I.; Aversa, A.; Mello, T.; Filippi, S.; Comeglio, P.; Bani, D.; Guasti, D.; Sarchielli, E.; Salvatore, 

G.; Morelli, A.; Mazzanti, B.; Corcetto, F.; Corno, C.; Francomano, D.; Galli, A.; Vannelli, G.B.; Lenzi, A.; Man-

nucci, E.; Maggi, M.; Vignozzi, L. Tadalafil reduces visceral adipose tissue accumulation by promoting preadipo-

cytes differentiation towards a metabolically healthy phenotype: Studies in rabbits. Mol. Cell. Endocrinol. 2016, 15, 

50-70; DOI: 10.1016/j.mce.2016.01.015 

6. Aversa, A.; Greco, E.; Bruzziches, R.; Pili M.; Rosano, G.; Spera, G. Relationship between chronic tadalafil admin-

istration and improvement of endothelial function in men with erectile dysfunction: a pilot study. Int. J. Impot. Res. 

2007, 19, 200-207; DOI: 10.1038/sj.ijir.3901513 

7. Aversa, A.; Fittipaldi, S.; Francomano, D.; Bimonte, V.M.; Greco, E.A.; Crescioli, C.; Di Luigi, L.; Lenzi, A.; Migliac-

cio, S. Tadalafil improves lean mass and endothelial function in nonobese men with mild ED/LUTS: in vivo and in 

vitro characterization. Endocrine 2017, 56, 639-648; DOI: 10.1007/s12020-016-1208-y 

8. Kügler, R.; Mietens, A.; Seidensticker, M.; Tasch, S.; Wagenlehner, FM.; Kaschtanow, A.; Tjahjono, Y.; Tomczyk, 

CU.; Beyer, D.; Risbridger, G.P.; Exintaris, B.; Ellem, S.J.; Middendorff, R. Novel imaging of the prostate reveals 

spontaneous gland contraction and excretory duct quiescence together with different drug effects. FASEB J. 2018, 

32, 1130-1138. DOI: 10.1096/fj.201700430R 

9. Antinozzi, C.; Greco, E.A.; Sgrò, P.; Dimauro, I.; Aversa, A.; Di Luigi, L. Effects of Tadalafil on skeletal muscle tis-

sue: exploring interactions and novel mechanisms of action. Minerva Endocrinol. 2022 Feb 4. doi: 10.23736/S2724-

6507.21.03698-8. Epub ahead of print. 

10. Se-Min Kim. Repurposing erectile dysfunction drugs tadalafil and vardenafil to increase bone mass. Proc. Natl. 

Acad. Sci. U S A 2020, 23, 117, 14386-14394; DOI: 10.1007/s12020-016-1208-y 

11. Aguirre, J.; Buttery, L.; O'Shaughnessy, M.; Afzal, F.; Fernandez de Marticorena, I.; Hukkanen, M.; Huang, P.; 

MacIntyre, I.; Polak, J. Endothelial nitric oxide synthase gene-deficient mice demonstrate marked retardation in 

postnatal bone formation, reduced bone volume, and defects in osteoblast maturation and activity. Am. J. Pathol. 

2001, 158, 247–257; DOI: 10.1016/S0002-9440(10)63963-6 

12. Kalyanaraman, H.; Ramdani, G.; Joshua, J.; Schall, N.; Boss, G.R.; Cory, E.; Sah, R.L.; Casteel, D.E.; Pilz, R.B. A 

novel, direct NO donor regulates osteoblast and osteoclast functions and increases bone mass in ovariectomized 

mice. J. Bone Miner. Res. 2017, 32, 46-59; DOI: 10.1002/jbmr.2909 

13. Jamal, S.A.; Browner, W.S.; Bauer, D.C.; Cummings, S.R. Intermittent use of nitrates increases bone mineral den-

sity: The study of osteoporotic fractures. J. Bone Miner. Res. 1998, 13, 1755-1759; DOI: 10.1359/jbmr.1998.13.11.1755 

14. Rejnmark, L.; Vestergaard, P.; Mosekilde, L. Decreased fracture risk in users of organic nitrates: A nationwide 

case-control study. J. Bone Miner. Res. 2006, 21, 1811-1817. DOI: 10.1359/jbmr.060804 

15. Ramdani, G.; Schall, N.; Kalyanaraman, H.; Wahwah, N.; Moheize, S.; Lee, J.J.; Sah, R.L.; Pfeifer, A.; Casteel, D.E.; 

Pilz, R.B. cGMP-dependent protein kinase-2 regulates bone mass and pre- vents diabetic bone loss. J. Endocrinol. 

2018, 238, 203-219. DOI: 10.1530/JOE-18-0286 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 March 2022                   doi:10.20944/preprints202203.0105.v1

https://doi.org/10.20944/preprints202203.0105.v1


 

16. Pfeifer, A.; Aszódi, A.; Seidler, U.; Ruth, P.; Hofmann, F.; Fässler, R. Intestinal secretory defects and dwarfism in 

mice lacking cGMP-dependent protein kinase II. Science 1996, 274, 2082-2086. DOI: 10.1126/science.274.5295.2082 

17. Takeda, S.; Florent Elefteriou, F.; Levasseur, R.; Liu, X.; Zhao, L.; Parker, K.L.; Armstrong, D.; Ducy, P.; Karsenty, 

G. Leptin regulates bone formation via the sympathetic nervous system. Cell 2002, 111, 305-317. DOI: 

10.1016/s0092-8674(02)01049-8. 

18. Takeda, S.; Karsenty, G. Molecular basis of the sympathetic regulation of bone mass. Bone 2008, 42, 837-840. DOI: 

10.1016/j.bone.2008.01.005 

19. Campion, J.M.; Maricic, M.J. Osteoporosis in men. Am. Fam. Physician 2003, 67, 1521-1526. 

20. Huyut, Z.;, Bakan, N.; Yıldırım, S.; Alp, H.H. Effects of the Phosphodiesterase-5 (PDE-5) Inhibitors, Avanafil and 

Zaprinast, on Bone Remodeling and Oxidative Damage in a Rat Model of Glucocorticoid-Induced Osteoporosis. 

Med. Sci. Monit. Basic. Res. 2018, 13, 47-58. DOI:10.12659/MSMBR.908504. 

21. Hamit, H. The effect of PDE5 inhibitors on bone and oxidative damage in ovariectomy-induced osteoporosis. Exp. 

Biol. Med. (Maywood). 2017, 242, 1051-1061. DOI: 10.1177/1535370217703352 

22. Pal, S.; Rashid, M.; Singh, S.K.; Porwal, K.; Singh, P.; Mohamed, R.; Gayen, J.R.; Wahajuddin, M.; Chattopadhyay, 

N. Skeletal restoration by phosphodiesterase 5 inhibitors in osteopenic mice: Evidence of osteoanabolic and osteo-

angiogenic effects of the drugs. Bone, 2020, 135, 115305. DOI:10.1016/j.bone.2020.115305. 

23. Aversa, A.; Fittipaldi, S.; Bimonte, V.M.; Wannenes, F.; Papa, V.; Francomano, D.; Greco, E.A.; Lenzi, A.; Migliac-

cio, S. Tadalafil modulates aromatase activity and androgen receptor expression in a human osteoblastic cell in 

vitro model. J. Endocrinol. Invest. 2016, 39, 199-205. DOI: 10.1007/s40618-015-0344-1 

24. Zhang, W.; Zang, N.; Jiang, Y.; Chen, P.; Wang, X.; Zhang, X. Upregulation of phosphodiesterase type 5 in the hy-

perplastic prostate. Sci. Rep. 2015, 5, 17888. DOI: 10.1038/srep17888 

25. Fibbi, B.; Morelli, A.; Vignozzi, L.; Filippi, S.; Chavalmane, A.; De Vita, G.; Marini, M.; Gacci, M.; Vannelli, G.B.; 

Sandner, P.; Maggi, M. Characterization of phosphodiesterase type 5 expression and functional activity in the hu-

man male lower urinary tract. J. Sex. Med. 2010, 7, 59-69. DOI: 10.1111/j.1743-6109.2009.01511.x 

26. Ückert, S.; Kuthe, A.; Jonas, U.; Stief, C.G. Characterization and functional relevance of cyclic nucleotide phos-

phodiesterase isoenzymes of the human prostate. J. Urol. 2001, 166, 2484. 

27. Culp, M.B.; Soerjomataram, I.; Efstathiou, J.A.; Bray, F.; Jemal, A. Recent global patterns in prostate cancer inci-

dence and mortality rates. Eur. Urol. 2020, 77, 38. DOI: 10.1016/j.eururo.2019.08.005 

28. Bisegna, C.; Gravina, G.L.; Pierconti, F.; Martini, M.; Larocca, L.; Rossi, P.; Grimaldi, P.; Di Stasi, S.; Jannini, E.A. 

Regulation of PDE5 expression in normal prostate, benign prostatic hyperplasia, and adenocarcinoma. Andrology 

2020, 8, 427. DOI: 10.1111/andr.12695 

29. Chang, J.F.; Hsu, J.L.; Sheng, Y.H.; Leu W.J.; Yu C.C.; Chan S.H.; Chan M.L.; Hsu L.C.; Liu S.P.; Guh, J.H. Phos-

phodiesterase Type 5 (PDE5) Inhibitors sensitize topoisomerase II inhibitors in killing prostate cancer through 

PDE5-independent impairment of HR and NHEJ DNA repair systems. Front. Oncol. 2019, 8, 681. DOI: 

10.3389/fonc.2018.00681 

30. Bimonte, V.M.; Marampon, F.; Antonioni, A.; Fittipaldi, S.; Ferretti, E.; Pestell, R.G.; Curreli, M.; Lenzi, A.; Vitale, 

G.; Brumetti, A.; Migliaccio, S.; Aversa, A. Phosphodiesterase Type-5 inhibitor tadalafil modulates steroid hor-

mones signaling in a prostate cancer cell line. Int. J. Mol. Sci. 2021, 22, 754. DOI: 10.3390/ijms22020754 

31. Bonkhoff, H.; Berges, R. The evolving role of estrogens and their receptors in the development and progression of 

prostate cancer. Eur. Urol. 2009,55, 533-42 DOI: 10.1016/j.eururo.2008.10.035 

32. Bonkhoff, H. Estrogen receptor signaling in prostate cancer: Implications for carcinogenesis and tumor progres-

sion. Prostate 2018, 78, 2-10. DOI: 10.1002/pros.23446 

33. Park, K.; Dalton, J.T.; Narayanan, R.; Barbieri,C.E.; Hancock, M.L.;Bostwick, D.G.; Steiner, M.S.; Rubin, M.A. 

TMPRSS2:ERG gene fusion predicts subsequent detection of prostate cancer in patients with high-grade prostatic 

intraepithelial neoplasia. J. Clin. Oncol. 2014,32, 206-211. DOI: 10.1200/JCO.2013.49.8386 

34. Bianco, J.J.; McPherson, S.J.; Wang, H.; Prins, G.S.; Risbridger, G.P. Transient neonatal estrogen exposure to estro-

gen deficient mice (Aromatase knockout) reduces prostate weight and induces inflammation in late life. Am. J. 

Pathol. 2006, 168, 1869–1878. DOI: 10.2353/ajpath.2006.050623 

35. Ozten, N.; Vega, K.; Liehr, J.; Huang, X.; Horton, L.; Cavalieri, E.L.; Rogan, E.G.; Bosland, M.C. Role of Estrogen in 

Androgen-Induced Prostate Carcinogenesis in NBL Rats. Horm. Cancer. 2019, 10, 77-88. DOI: 10.1007/s12672-019-

00360-7. 

36. Barone, I.; Giordano, C.; Bonofiglio, D.; Andò, S.; Catalano, S. Phosphodiesterase Type 5 and Cancers: Progress 

and Challenges Oncotarget 2017, 8, 99179–99202. DOI: 10.18632/oncotarget.21837 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 March 2022                   doi:10.20944/preprints202203.0105.v1

https://doi.org/10.20944/preprints202203.0105.v1


 

37. Das, A.; Durrant, D.; Mitchell, C.; Dent, P.; Batra, S.K.; Kukreja, R.C. Sildenafil (Viagra) sensitizes prostate cancer 

cells to doxorubicin-mediated apoptosis through CD95. Oncotarget 2016, 7, 4399–441. DOI: 10.18632/oncotar-

get.6749 

38. Zenzmaier, C.; Sampson, N.; Pernkopf, D.; Plas, E.; Untergasser, G.; Berger, P. Attenuated proliferation and trans-

differentiation of prostatic stromal cells indicate suitability of phosphodiesterase type 5 inhibitors for prevention 

and treatment of benign prostatic hyperplasia. Endocrinology 2010, 151, 3975–3984. DOI: 10.1210/en.2009-1411 

39. Chavez, A.H.; ScottCoffield, K.; Hasan Rajab, M.; Jo, C. Incidence rate of prostate cancer in men treated for erectile 

dysfunction with phosphodiesterase type 5 inhibitors: Retrospective analysis. Asian J. Androl. 2013, 15, 246–248. 

DOI: 10.1038/aja.2012.162 

40. Smith, M.R.; Kaufman, D.; George, D.; Oh, W.K.; Kazanis, M.; Manola, J.; Kantoff, P.W. Selective aromatase inhibi-

tion for patients with androgen-independent prostate carcinoma. Cancer 2002, 95, 1864. DOI: 10.1002/cncr.1084 

41. Attia, D.M.A.; Ederveen, A.G.H. Opposing roles of ERα and ERβ in the genesis and progression of adenocarci-

noma in the rat ventral prostate. Prostate 2012, 72, 1022. doi: 10.1002/pros.21507 

 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 March 2022                   doi:10.20944/preprints202203.0105.v1

https://doi.org/10.20944/preprints202203.0105.v1

