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ABSTRACT. Erectile dysfunction is defined as the inability to gain and/or maintain a penile erection 

sufficient for satisfactory sexual performance. Sildenafil is a phosphodiesterase type 5 (PDE5) inhibitor 

used in the treatment of erectile dysfunction. The aim of this study is to investigate the effect of sildenafil 

(0.8% in cell media) on the mechanism of human aortic smooth muscle contraction. Human smooth muscle 

cells treated with sildenafil for 1 and 4 days. These cells were then homogenized, and enzymes and proteins 

responsible for the mechanism of intracellular contraction were analysed. Rho-kinase (ROCK) activity, 

RhoA, ROCK II, CPI-17α, PDE5a, and PLC levels were evaluated by using ELISA. In this study, it was 

observed that sildenafil increased RhoA, PDE5a and CPI-17α levels, and decreased ROCK enzyme activity. 
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INTRODUCTION 

Cyclic guanosine monophosphate (cGMP) and cyclic adenosine monophosphate 

(cAMP) are essential secondary messengers, which regulate a wide variety of processes, 

including processes such as signal transduction and regulation of physiological responses, 

blood pressure control, neurotransmission, platelet aggregation and dissociation, in many 

different tissues of the body [1,2]. Phosphodiesterase (PDE) isoenzymes, a heterogeneous 

group of hydrolytic enzymes, cause degrade cellular cAMP and cGMP. Currently, there 

are known to be 11 different PDE gene families containing different isoforms and splice 

variants [1]. Sildenafil citrate (Viagra), a PDE5 inhibitor, fostering cGMP accumulation 

by inhibiting the activity of PDE5 enzyme and initiates a cGMP-driven cascade of 

reactions, thus enhancing vasodilation and treating erectile dysfunction (ED). It was the 

first prescription drug that’s approved to treat ED [3, 4]. In addition, inhibition of this 

enzyme provides clinical benefit in the treatment of several urological disorders such as 

female sexual dysfunction, priapism, Peyronie's disease, overactive bladder, lower 
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urinary tract symptoms, premature ejaculation, benign prostate enlargement, and urinary 

tract stones [5]. 

Nitric oxide (NO) is generated by NO synthase (NOS) enzymes and activates 

guanylate-cyclase (GC) to produce intracellular cGMP. High levels of cGMP after PDE5 

inhibition or NO stimulation cause smooth muscle relaxation due to activation of protein 

kinase G (PKG) [6-8]. Increased vasodilatory activity results in improved erectile 

function [9]. Sildenafil, a potent and selective PDE5 inhibitor, causes smooth muscle 

relaxation by increasing the level of cGMP in the cell. Mechanisms regulating erectile 

function include arterial dilatation and smooth muscle relaxation. After the sexual 

stimulation, the erectile response is triggered by the release of NO which is the main 

vasoactive nonadrenergic, noncholinergic neurotransmitter mediating penile erection and 

then the intracellular messenger cGMP is produced. It activates cGMP-dependent protein 

kinases and in turn phosphorylate certain proteins and ion channels, resulting in opening 

of the potassium channels and hyperpolarization. After the hyperpolarization, 

accumulation intracellular calcium by the endoplasmic reticulum, and inhibition of 

voltage-dependent calcium channels resulting in blocking calcium influx. As a result, 

resulting in the reduction of cytosolic free calcium leads to smooth muscle relaxation [10, 

11]. 

Penile erection is a complex neurovascular condition that begins with the stimulation 

of the central and peripheral systems [12]. Male sexual dysfunction, observed at high rates 

in developed countries, is considered to be an important health problem and may occur 

due to reasons such as chronic heart failure, high cholesterol, diabetes, smoking, 

alcoholism or drug addiction, stress, eating habits [13]. In the flaccid state of penis, the 

sympathetic effect is dominant and neurotransmitter substances such as noradrenaline are 

released, causing cavernosal smooth muscle contraction. The parasympathetic effect 

increases after sexual arousal, and therefore, the release of NO synthesized by neuronal 

NOS from nerve endings in the penis increases. NO triggers corporal smooth muscle 

relaxation by activating the cGMP / PKG signal from the muscle. Reduced peripheral 

resistance of cavernosal arterioles and the driving force of systemic blood pressure, 

leading to increase blood flow into the penis. It causes friction (shear) stress that activates 

endothelial NOS (eNOS) to produce NO with increased blood flow. As a result, the 

sinusoidal spaces fill with blood, which creates a pressure to squeeze the venules against 

the tunica albuginea, thus limiting the venous outflow. This veno-occlusion mechanism 

greatly increases intracavernosal pressure and causes penile erection [14, 15]. 

Vascular smooth muscle contraction is controlled by the Ca2+ dependent and Ca2+ 

sensitive mechanisms initiated by activation of receptors or depolarization of the plasma 

membrane [16, 17]. In the classical Ca2+ dependent pathway, agonist ligand-induced G-

protein-coupled receptor (GPCR) activation increases phospholipase C (PLC) activity, 

increasing the formation of inositol trisphosphate (IP3) and di acyl glycerol (DAG). IP3 

then causes Ca2+ release from the sarcoplasmic reticulum, which raises intracellular Ca2+ 

levels. Ca2+ binding to calmodulin leads to a conformational change in its conformation, 

enables Ca2+/calmodulin to activate myosin light chain (MLC) kinase (MLCK). 

Phosphorylation of regulatory MLC by MLCK leads to force generation. DAG promotes 

contraction by activating protein kinase C (PKC) along with Ca2+ and by phosphorylation 

of L-type Ca2+ channels, or other proteins that regulate the cross-bridge cycle. As a 

consequence, voltage-operated Ca2+ channels in the membrane open in response to 

membrane depolarization caused by vascular smooth muscle tension [15, 18]. This 

process involves the Ca2+ dependent regulation and the monomeric GTP binding protein 
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RhoA [19]. The Rho family belongs to the Ras superfamily of GTPases, including five 

subfamilies; Rho-like (Rho A, B and C), Rac-like (Rac1, 2 and 3 and RhoG), Cdc42-like, 

RhoBTB-like and Rnd-like (Rnd 1, 2 and 3) [20]. RhoA plays important roles in the 

regulation of smooth muscle contraction, and stress fiber formation, cell proliferation, 

migration, and apoptosis. The best characterizing effector of RhoA is Rho-kinase 

(ROCK), which directly participates in smooth muscle contraction.   

It has been reported that ROCK increases Ca2+ sensitivity by phosphorylating CPI-17 

(a phosphatase inhibitor enhanced with 17 kDa PKC). CPI-17 is a myosin phosphatase 

phosphorylation dependent inhibitor and has two isoforms, CPI-17α and CPI-17β [21]. 

CPI-17 is a downstream target of PKC, which plays an important role in smooth muscle 

contraction [22]. IP3 binds into a particular receptor after being formed by PLC activity 

and serves as a second intracellular messenger for smooth muscle contraction. The IP3 

receptor is in the sarcoplasmic reticulum channel protein that activated by IP3 and it 

allows Ca2+ to flow into the cytoplasm, causing the smooth muscle to contract [23]. The 

IP3 receptor is one of the best-known substrates of PKG. The phosphorylation of the IP3 

receptor leads to decreased channel activity in response to IP3, a decrease in Ca2+, and 

smooth muscle relaxation [23, 24]. In summary, an increase in PKG activity likely 

inhibits IP3 formation. It is unclear whether this is a direct result of PLC inhibition or a 

result of G-protein inhibition. The reduction in Ca2+ released from intracellular stores 

results in smooth muscle relaxation in both cases [24]. There have been limited studies 

on the impact of chronic sildenafil usage on human smooth muscle cell contraction. In 

this study, it was aimed to investigate the effects of sildenafil on the contraction of human 

aortic smooth muscle cells (HASMCs) contraction in vitro. 

MATERIALS AND METHODS 

Cell culture and procedures 

Primary HASMCs were maintained in Dulbecco's Modified Eagle Medium (DMEM) 

containing 1% penicillin-streptomycin (Hyclone), 10% Fetal Bovine Serum (Hyclone), 

1% L-Glutamine (Hyclone). The cells were incubated in 24-well cell culture plates (1x105 

cells per well) at 37 ºC temperature, 5% CO2 and 95% relative humidity. The control 

group (99.2% culture medium and 0.8% PBS) and the experimental group treated with 

sildenafil (99.2% culture medium and 0.8% sildenafil) were formed. The groups were 

treated the drug for both 24 and 96 hours. After treatment, the cells were homogenized 

for protein analysis. 

 

Cell homogenization 

Treated cells were lysed in RIPA buffer (TritonX-100, 20 mmol/L EGTA, 150 mmol/L 

NaCl, 0.5%, 1 mmol/L ditiotreitol, 25 mmol/L NaF, 1 mmol/L Na3VO4, 50 mmol/L Tris-

HCI [pH 7.4]) for 15 minutes on ice and the lysate was centrifuged at 15000 rpm for 20 

minutes, the supernatants were used for analysis.  

 

Analysis of protein 

3 ml RIPA lysis buffer (Abcam, ab156034) was added per well onto the cells. The 

lysate was sonicated on ice for 5 seconds, centrifuged at 10000 rpm for 10 minutes at 4 
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°C and then the supernatant was used for protein analysis. Total protein quantification 

from homogenized cells was done [25]. Protein quantification was performed for 

standardization of ELISA experiments. 

 

ELISA Test 

Levels of PDE5, RhoA, ROCK II, MYPT, PLC, CPI-17α (phospho-t38) enzymes were 

analyzed by ELISA test. Experimental protocols of ELISA kits vary for each enzyme. 

PDE5a, RhoA, ROCK II, MYPT, PLC and CPI-17α protein levels were also measured 

with ELISA test kits (Shanghai Sunred Biological Technology Co., Ltd). 

 

Statistics 

One Way Anova "Bonferroni's Multiple Comparison Test" was used for comparisons 

between groups. P<0.05 was accepted as the statistical significance value. 

RESULTS AND DISCUSSION 

Corporal smooth muscle relaxation is critical importance for normal erectile function, 

and NO of neuronal and endothelial origin is considered to be the principal mediator of 

corporal smooth muscle relaxation [26, 27]. Relaxation is mediated by the 

dephosphorylation of the MLC by smooth muscle myosin phosphatase [28]. ROCK, a 

serine/threonine kinase, is a major regulator of MLCP. RhoA, a GTP-binding protein, has 

been shown to mediate agonist-induced ROCK activation 29 [17]. ROCK inhibits MLPC 

and directly increases cellular CA concentrations by phosphorylating MLC, resulting in 

smooth muscle contraction [30-32]. It has been reported that ROCK activity is important 

in the continuity of corporal vasoconstriction and penile detumescence [33].  

ROCK is activated by RhoA which is a small GTP-binding protein. Activated ROCK 

(available in α and iso isoforms) phosphorylates the regulatory myosin phosphatase target 

subunit 1 (MYPT1) of MLCP at Thr-696, inhibiting its activity, promoting smooth 

muscle contraction [28]. In a study on rats, sildenafil given for a long time prolonged the 

duration of erection in elderly rats and increased the expression of eNOS phosphorylated 

at serine-1177 and Akt phosphorylated at serine-473 in the penis. Also, it has been shown 

that sildenafil increased the protein expression of PDE5 and phosphomyosine 

phosphatase target subunit 1 (phospho-MYPT1, p-MYPT1) which is a marker of ROCK 

function, in the penis of young rat. The authors reported that the lack of increased erectile 

ability with prolonged PDE5 inhibition in young rats may be related to the limited NO 

signalling by PDE5 upregulation, lack of Akt and eNOS phosphorylation, and increased 

ROCK signalling in the penis. Sildenafil had no effect on the protein expression of R-ks 

α and β [34]. In the current study, the effects of sildenafil on PDE5, RhoA, ROCK activity 

(p-MYPT), ROCK II (enzyme expression), PLC and CPI-17α (phospho-t38) enzymes in 

the HASMCs are shown in Figure 1.  
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Fig. 1. Effect of sildenafil on PDE5, RhoA, ROCK activity (p-MYPT), ROCK II (enzyme 

expression), PLC and CPI-17α (phospho-t38) enzymes in HASMCs (n=6). 

* : P<0.05. 

 

 

Although PDE5a and RhoA enzyme levels in human smooth muscle cells did not 

increase after one day of sildenafil exposure, they increased significantly after four days 

of sildenafil exposure as compared to the control group. ROCK activity was significantly 

decreased after 1 and 4 days of sildenafil exposure compared to the control group. 

However, it was observed that sildenafil had no significant effect on ROCK II enzyme 

activity. Similar to other studies [34, 35], the current study indicates that the observed 

increase in PDE5a protein expression may be due to chronic exposure to sildenafil and 

negative feedback in response to sustained sGMP elevation, thus preventing excessive 

sGMP accumulation and excessive erection.  

After the agonist stimulation, CPI-17-mediated MLCP inhibition with concurrent 

MLCK activation is thought to be responsible for the significant rise in MLC 

phosphorylation and smooth muscle contraction [36, 37]. In the current study, it was 

observed that sildenafil significantly increased CPI-17α but did not have a significant 

effect on the PLC enzyme. 
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CONCLUSION 

As a result, sildenafil has been found to relax smooth muscle by reducing ROCK 

enzyme activity, and thereby reflexively increase the levels of RhoA, PDE5a and CPI-17α 

enzymes. In addition, it is predicted that this reflex response may indirectly lead to the 

development of a tolerance to the drug. 
 

 

Conflict of Interest. “The authors declared that there is no conflict of interest.” 

 

Authorship Contributions. Concept: H.A., E.Ş., H.M.K., L.A. Design: H.A., H.T., E.Ş., H.M.K., M.M.K., 

L.A., Data Collection or Processing: H.A., H.T., E.Ş., H.M.K., M.M.K., L.A., Analysis or Interpretation: 

H.A., E.Ş., H.M.K., Literature Search: H.A., H.T., M.M.K., L.A., Writing: H.A., H.T., E.Ş., H.M.K., 

M.M.K., L.A., Reading and review: H.A., H.T., E.Ş., H.M.K., M.M.K., L.A. 

 

Financial Disclosure. This study supported by MKU Scientific Research Projects Directorate (No: 

18M005). 

REFERENCES 

[1] Conti, M., Jin, S.L. (1999): The molecular biology of cyclic nucleotide phosphodiesterases. 

Prog Nucleic Acid Res Mol Biol 63: 1-38. 

[2] Mayer, B. (1994): Nitric oxide/cyclic GMP-mediated signal transduction. Ann N Y Acad 

Sci 733(1): 357-364. 

[3] Başar, M., Bal, F. (2010): Erektil Disfonksiyonun Medikal Tedavisinde Fosfodiesteraz Tip 

5 İnhibitörlerinin Günümüzdeki Yeri. Turk Urol Sem 1: 85-91. 

[4] Krishnappa, P., Fernandez-Pascual, E., Carballido, J., Martinez-Salamanca, J.I. (2019): 

Sildenafil/Viagra in the treatment of premature ejaculation. Int J Impot Res 31(2): 65-70. 

[5] Zhang, W.H., Zhang, X.H. (2016): Clinical and preclinical treatment of urologic diseases 

with phosphodiesterase isoenzymes 5 inhibitors: an update. Asian J Androl 18(5): 723-731. 

[6] Francis, S.H., Busch, J.L., Corbin, J.D. (2010): cGMP-dependent protein kinases and 

cGMP phosphodiesterases in nitric oxide and cGMP action. Pharmacol Rev 62(3): 525-

563. 

[7] Nisbet, C., Yarim, G.F., Ciftci, A., Cenesiz, S., Ciftci, G. (2007): Investigation of serum 

nitric oxide and malondialdehyde levels in cattle infected with Brucella abortus. Ankara 

Univ Vet Fak Derg 54(3): 159-163. 

[8] Pelligrino, D.A., Wang, Q. (1998): Cyclic nucleotide cross-talk and the regulation of 

cerebral vasodilation. Prog Neurobiol 56(1): 1-18. 

[9] Bivalacqua, T.J., Champion, H.C., Hellstrom, W.J.G., Kadowitz, P.J. (2000): 

Pharmacotherapy for erectile dysfunction. Trends Pharmacol Sci 21: 484–489. 

[10] Corbin, J.D., Francis, S.H. (2002): Pharmacology of phosphodiesterase-5 inhibitors. Int J 

Clin Pract 56(6): 453-459. 

[11] Dean, R.C., Lue, T.F. (2005): Physiology of penile erection and pathophysiology of erectile 

dysfunction. Urol Clin North Am 32(4): 379–v. 

[12] Andersson, K.E., Wagner, G. (1995): Physiology of penile erection. Physiol Rev 75(1): 

191–236. 

[13] Akdoğan, M., Nasir, Y., Cengiz, N., Bilgili, A. (2018): The effects of milled Tribulus 

terrestris, Avena sativa, and white ginseng powder on total cholesterol, free testosterone 

levels and testicular tissue in rats fed a high-cholesterol diet. Ankara Univ Vet Fak Derg 

65(3): 267-272. 

[14] Anadol, E., Yar, A.S., Menevşe, S. (2012): The changes of Inducible Nitric Oxide 

Synthase, Endothelial Nitric Oxide Synthase and Cyclooxygenase-2 mRNA expressions in 

intrauterine tissues of pregnant rats. Ankara Univ Vet Fak Derg 59(4): 295-301. 



Alp et al.: Determination of the effectiveness of sildenafil on human aortic smooth muscle cells 

 

 

272 
 

[15] Jin, L., Burnett, A.L. (2006): RhoA/Rho-kinase in erectile tissue: mechanisms of disease 

and therapeutic insights. Clin Sci 110(2): 153-165. 

[16] Karaki, H., Ozaki, H., Hori, M., Mitsui-Saito, M., Amano, K., Harada, K., Miyamoto, S., 

Nakazawa, H., Won, K.J., Sato, K. (1997): Calcium movements, distribution, and functions 

in smooth muscle. Pharmacol Rev 49(2): 157-230. 

[17] Webb, R.C. (2003): Smooth muscle contraction and relaxation. Adv Physiol Edu 27(4): 

201-206. 

[18] Somlyo, A.P., Somlyo, A.V. (2003): Ca2+ sensitivity of smooth muscle and nonmuscle 

myosin II: modulated by G proteins, kinases, and myosin phosphatase. Physiol Rev 83(4): 

1325-1358. 

[19] Hirata, K., Kikuchi, A., Sasaki, T., Kuroda, S., Kaibuchi, K., Matsuura, Y., Seki, H., Saida, 

K., Takai, Y. (1992): Involvement of rho p21 in the GTP-enhanced calcium ion sensitivity 

of smooth muscle contraction. J Biol Chem 267(13): 8719–8722. 

[20] Burridge, K., Wennerberg, K. (2004): Rho and Rac take center stage. Cell 116: 167-179. 

[21] Yamawaki, K., Ito, M., Machida, H., Moriki, N., Okamoto, R., Isaka, N., Shimpo, H., 

Kohda, A., Okumura, K., Hartshorne, D.J., Nakano, T. (2001): Identification of human 

CPI-17, an inhibitory phosphoprotein for myosin phosphatase. Biochem Biophys Res 

Commun 285(4): 1040-1045. 

[22] Li, L., Eto, M., Lee, M.R., Morita, F., Yazawa, M., Kitazawa, T. (1998): Possible 

involvement of the novel CPI-17 protein in protein kinase C signal transduction of rabbit 

arterial smooth muscle. J Physiol 508(3): 871-881. 

[23] Komalavilas, P., Lincoln, T.M. (1994): Phosphorylation of the inositol 1,4,5-trisphosphate 

receptor by cyclic GMP-dependent protein kinase. J Biol Chem 269(12): 8701-8707. 

[24] Carvajal, J.A., Germain, A.M., Huidobro-Toro, J.P., Weiner, C.P. (2000): Molecular 

mechanism of cGMP mediated smooth muscle relaxation. J Cell Physiol 184(3): 409-420. 

[25] Bradford, M.M. (1976): A rapid and sensitive method for the quantitation of microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem 72 (1-2): 

248-254. 

[26] Hawksworth, D.J., Burnett, A.L. (2015): Pharmacotherapeutic management of erectile 

dysfunction. Clin Pharmacol Ther 98(6): 602-610. 

[27] Hurt, K.J., Musicki, B., Palese, M.A., Crone, J.K., Becker, R.E., Moriarity, J.L., Synder, 

S.H., Burnett, A.L. (2002): Akt-dependent phosphorylation of endothelial nitric-oxide 

synthase mediates penile erection. Proc Natl Acad Sci USA 99(6): 4061-4066. 

[28] Feng, J., Ito, M., Ichikawa, K., Isaka, N., Nishikawa, M., Hartshorne, D.J., Nakano, T. 

(1999): Inhibitory phosphorylation site for Rho-associated kinase on smooth muscle 

myosin phosphatase. J Biol Chem 274(52): 37385-37390. 

[29] Gong, M.C., Gorenne, I., Read, P., Jia, T., Nakamoto, R.K., Somlyo, A.V., Somlyo, A.P. 

(2001): Regulation by GDI of RhoA/Rho-kinase-induced Ca2+ sensitization of smooth 

muscle myosin II. Am J Physiol Cell Physiol 281(1): C257-C269. 

[30] Amano, M., Ito, M., Kimura, K., Fukata, Y., Chihara, K., Nakano, T., Matsuura, Y., 

Kaibuchi, K. (1996): Phosphorylation and activation of myosin by Rho-associated kinase 

(Rho-kinase). J Biol Chem 271(34): 20246-20249. 

[31] Somlyo, A.P., Somlyo, A.V. (2000): Signal transduction by G-proteins, ρ-kinase and 

protein phosphatase to smooth muscle and non-muscle myosin II. J Physiol 522(2): 177-

185. 

[32] Yu, H., Chakravorty, S., Song, W., Ferenczi, M.A. (2016): Phosphorylation of the 

regulatory light chain of myosin in striated muscle: methodological perspectives. Eur 

Biophys J 45(8): 779-805. 

[33] Chitaley, K., Wingard, C.J., Webb, R.C., Branam, H., Stopper, V.S., Lewis, R.W., Mills, 

T.M. (2001): Antagonism of Rho-kinase stimulates rat penile erection via a nitric oxide-

independent pathway. Nat Med 7(1): 119-122. 



Alp et al.: Determination of the effectiveness of sildenafil on human aortic smooth muscle cells 

 

 

273 
 

[34] Musicki, B., Champion, H.C., Becker, R.E., Liu, T., Kramer, M.F., Burnett, A.L. (2005): 

Erection capability is potentiated by long-term sildenafil treatment: role of blood flow-

induced endothelial nitric-oxide synthase phosphorylation. Mol Pharmacol 68(1): 226-232. 

[35] Lin, G., Xin, Z.C., Lue, T.F., Lin, C.S. (2003): Up and down-regulation of 

phosphodiesterase-5 as related to tachyphylaxis and priapism. J Urol 170(2S): S15-S18. 

[36] Dimopoulos, G.J., Semba, S., Kitazawa, K., Eto, M., Kitazawa, T. (2007): Ca2+-dependent 

rapid Ca2+ sensitization of contraction in arterial smooth muscle. Circ Res 100(1): 121-

129. 

[37] Kitazawa, T., Semba, S., Huh, Y.H., Kitazawa, K., Eto, M. (2009): Nitric oxide induced 

biphasic mechanism of vascular relaxation via dephosphorylation of CPI 17 and MYPT1. 

J Physiol 587(14): 3587-3603. 


