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Off‑target effect of high‑dose sildenafil 
on adenosine 5’‑diphosphate and 
collagen‑induced platelet activation 
through mitogen‑activated protein 
kinase pathway in treated BALB/C 
mice and in vitro experiments: A 
preliminary study
Sudharshanan Balaji1,2, Yash Raj Patnaik2, William Rasican Surin2

Abstract:
Sildenafil, a common over‑the‑counter pill often self‑administered at high doses for erectile 
dysfunction, has been reported to rarely cause prothrombotic events and sudden cardiac death 
in a few case reports. Therefore, we investigated the in  vitro and in  vivo effect of sildenafil 
treatment and dosage on platelet activation and mitogen‑activated protein kinase  (MAPK) 
phosphorylation. BALB/C mice were segregated into four groups, each having four mice 
each (control, low [3.25 mg/kg], medium [6.5 mg/kg], and high [13 mg/kg] sildenafil), and after 
the treatment, blood was drawn from each mouse and washed platelets prepared. Washed 
platelets were incubated with CD41 PE‑Cy7 and Phospho‑p38 MAPK PE antibodies and 
analyzed using a flow cytometer for platelet activation and adenosine 5’‑diphosphate  (ADP)/
collagen‑induced MAPK phosphorylation. Washed platelets obtained from the venous blood of 
18 human volunteers, were incubated with PAC‑1 FITC and Phospho‑p38 MAPK PE antibodies, 
and platelet activation (ADP and collagen), followed by flow cytometry analysis. There was a 
significant increase in both platelet activation as well as MAPK phosphorylation in the presence of 
collagen in the high‑dose (13 mg/kg) sildenafil group (P = 0.000774). Further, increased platelet 
activation was observed in samples that were treated with high‑dose sildenafil as compared to 
the untreated samples (P < 0.00001). These studies show the risk of prothrombotic episodes in 
patients on high‑dose sildenafil (100 mg), in those with even mild endothelial dysfunction due 
to ADP, and collagen‑induced platelet activation through MAPK phosphorylation, which was not 
seen in the low‑and intermediate‑dose cohorts.
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Introduction

Sildenafil is commonly prescribed to 
treat erectile dysfunction. Chronic 

usage and self‑administration may cause 

adverse effects ranging from priapism to 
hypotension to sudden cardiac death.[1]

Previous research has indicated that human 
platelet and corpus cavernosum PDE5s have 
similar responses to several drugs, implying 
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a similar mechanism of action.[2] Whether sildenafil causes 
aggregation or has an independent antithrombotic effect 
is still unclear.[3] About 30% of patients do not respond 
to initial doses of the drug, often leading to the patient 
being prescribed a higher dose.[4] α and β isoforms of 
mitogen‑activated protein kinase (MAPK) are commonly 
found on human platelets. Platelets induced with 
thrombin and/or collagen have been known to activate 
p38 MAPK‑dependent phosphorylation.[5] We aimed to 
understand the effect of sildenafil treatment and dosage 
on platelet activation and MAPK phosphorylation, both 
in vitro and in vivo.

Methods

T y r o d e  b u f f e r ,  4 - ( 2 - h y d r o x y e t h y l ) - 1 -
piperazineethanesulfonic acid buffer, adenosine-5’-
diphosphate, Tris base, apyrase, and collagen Type  I 
from rat tail were procured from Sigma Aldrich (MERCK 
Group, Bengaluru, India). PAC1‑FITC antibody was 
from BD Biosciences Inc.  (USA). Anti‑mouse CD41 
PE‑Cy7 and anti‑mouse Phospho38 MAPK PE antibody 
and permeabilization and fixation buffer were purchased 
from Invitrogen (Thermo Fisher Scientific, Massachusetts, 
USA). All other chemicals used were of analytical grade. 
Sildenafil citrate was purchased as soluble tablets from 
Mankind™, under the brand Manforce™ in different 
concentrations of 25 mg and 100 mg, dissolved uniformly 
in saline (0.9% NaCl), and used for the experiments.

Animals
Male BALB/C mice, aged 12 weeks, 25–30 g, were housed 
at 24°C ± 0.5°C temperature, with 12 h day/night cycle 
with humidity (55% +10%), supplied with chow pellets 
and water. The animal study was conducted according to 
the Institute Animal Ethics Committee approval (CAF/
Ethics/892/2023). Committee for the Purpose of Control 
and Supervision of Experiments on Animals guidelines 
were duly adhered to while performing all experiments.

Sample collection from human volunteers
The effect of sildenafil citrate on human platelets was 
studied in vitro. Informed consent from 18 self‑declared 
healthy human male volunteers aged 18–24 years was 
obtained with prior approval from the Institutional Human 
Ethics Committee (601/2021). The study was conducted 
adhering to the principles in the Declaration of Helsinki 
and the ICMR National Ethical Guidelines for Biomedical 
and Health Research on Human Participants, 2017.

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in mice platelets in vivo
Platelets extracted from mice as detailed by Lugun et al. 
with small modifications.[6] BALC/C mice were grouped 

into four groups of four mice each  (control, low‑dose 
sildenafil  [3.25  mg/kg], medium‑dose sildenafil 
[6.5 mg/kg], and high‑dose sildenafil [13 mg/kg]). The 
sildenafil groups were treated orally with 3.25, 6.5, and 
13 mg/kg of sildenafil citrate, corresponding to 25, 50, 
and 100 mg of human dosage, respectively. After 1 h of 
sildenafil citrate treatment, the mice were anesthetized 
with isoflurane, and 1 ml of blood was collected from each 
mouse by cardiac puncture in 1:10 acid citrate dextrose 
solution. Thereafter, the blood was processed to obtain 
washed platelets as detailed by Lugun et al.[6] The final 
count of washed platelets was set to 0.8–1.2 × 109/ml.

Platelet wash from each mouse was labeled with 
anti‑mouse CD41 PE‑Cy7 and anti‑mouse Phospho38 
MAPK PE antibodies by incubation at 37°C for 
1  h in the dark. Platelet activation was induced 
by adding collagen  (100  µg/ml) or adenosine 
5’‑diphosphate (ADP) (100 µM). It was analyzed by BD 
FACSCanto™ II flow cytometer (BD Biosciences, Inc.) 
at the excitation wavelength  (488  nm) and emission 
wavelengths  (564–606  nm and 750–810). The platelet 
activation was evaluated by measuring the mean 
fluorescence intensity (MFI) of the platelet marker (CD41 
PE‑Cy7) and phospho38 MAPK PE phosphorylation. 
Data acquisition and analysis were done using BD 
FACSDiva software (6.1.3).

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in mice platelets in vitro
A volume of 1  ml blood was collected through a 
syringe by cardiac puncture in male BALB/C mice 
after isoflurane exposure and transferred into a 1.5 ml 
Eppendorf Tube containing 3.8% trisodium citrate in 1:9 
proportion and processed as described above to prepare 
the washed platelets.

Washed platelets from each mouse were incubated with 
anti‑mouse CD41 PE‑Cy7 and anti‑mouse Phospho38 
MAPK PE antibodies for 1  h at 37°C, followed by 
30  min of incubation with sildenafil citrate  (10, 20 or 
40 mg/ml). Platelet activation was induced by adding 
collagen (100 µg/ml) or ADP (100 µM). It was analyzed 
by BD FACSCanto™ II flow cytometer (BD Biosciences, 
Inc.) at the blue excitation wavelength  (488  nm) and 
emission wavelengths (564–606 nm and 750–810).

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in human platelets in vitro
A volume of 5 ml of venous blood was collected from 
the 18 volunteers by sterile venepuncture technique in 
1:9 ratio acid citrate solutions in a 15  ml falcon tube. 
Following centrifugation at 275 g for 20 min at 20°C, the 
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platelet‑rich plasma (PRP) obtained was subject to 1500 g 
for 15 min at 20°C. The supernatant was decanted, and 
the pellet was suspended in modified Tyrode’s HEPES 
Buffer (134 mM NaCl, 0.34 mM NaHPO4, 2.9 mM KCl, 
12 mM NaHCO3, 20 mM HEPES, 5 mM glucose, 1 mM 
MgCl2, and pH 7.3) to which 0.15/mL ADPase of apyrase 
was added with half an hour incubation at 37°C.

Then, PRP was centrifuged at 1500 g for 15 min at 20°C. 
The platelet pellet was suspended in 300 µL of modified 
Tyrode’s HEPES Buffer and labeled with PAC1 FITC 
antibody for 1 h at 37°C, followed by 30 min of incubation 
with sildenafil citrate (10, 20, or 40 mg/ml).

Thereafter, platelet activation was induced by 
collagen (100 µg/ml) or ADP (100 µM) and was analyzed 
by BD FACSCanto™ II flow cytometer (BD Biosciences, 
Inc.) at the blue excitation wavelength  (488  nm) and 
emission wavelengths (515–530 nm and 750–810 nm).

Statistical analysis
Statistical analysis was done between different groups 
using IBM SPSS Statistics (Version 27, Armonk, NY: IBM 
Corp) and P < 0.05 was considered to be statistically 
significant.

Results

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in mice platelets in vivo
Sildenafil citrate was studied for its effect on collagen 
and ADP‑induced platelet activation. The CD41 PE‑Cy7 
antibody binds the fibrinogen receptor GPIIb present 
in the platelets. Upon activation by platelet agonists, 
collagen, and ADP, there is increased externalization 
of the fibrinogen receptor GPIIb, leading to increased 
binding of CD41 PE‑Cy7. Thus, CD41 PE‑Cy7 binding 
correlates with the increased activation of platelets. 
Further, Phospho38 MAPK labeling correlates with the 
phosphorylation level of Phospho38 MAPK in the MAPK 
signaling pathway.

The upper right quadrant of the dot plot depicts 
the collagen and ADP‑induced platelet activation 
and phosphorylation  [Figure  1]. We observed a 
significant increase in platelet activation and MAPK 
phosphorylation in the presence of collagen in the 
high‑dose sildenafil group  (13  mg/kg) compared 
to the control group  [Figure  2]  (P  =  0.000774), while 
there was no significant difference in collagen‑induced 

Figure 1: Collagen and adenosine 5’‑diphosphate (ADP)‑induced platelet activation and mitogen‑activated protein kinase phosphorylation in BALB/C mice treated with 
high‑dose (13 mg/kg) sildenafil versus untreated mice. The top two graphs represent high‑dose sildenafil treated mice with (a) collagen and (b) ADP‑induced platelet 

activation, respectively. The bottom two graphs indicate untreated mice group with (c) Collagen and (d) ADP‑induced platelet activation, respectively
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platelet activation between the low  (3.25  mg/kg) 
and intermediate  (6.5  mg/kg) groups for the control 
untreated group.

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in mice platelets in vitro
In the presence of sildenafil, there was significant 
platelet  act ivat ion in  ADP‑induced platelet 
activation  (P  =  0.028871). However, no considerable 
platelet activation was observed in collagen‑induced 
platelet activation.

Effect of sildenafil citrate on collagen and 
adenosine 5’‑diphosphate‑induced platelet 
activation in human platelets in vitro
There was a significant increase in the expression of MFI in 
samples treated with high‑dose sildenafil when compared 
to the untreated samples when activated by both ADP 
and collagen  (P  <  0.00001). However, no significant 
difference was observed between the high‑dose versus 
low‑dose versus medium‑dose samples [Figure 3].

Discussion

Sildenafil is an over‑the‑counter drug in India that has 
been prone to overuse and abuse over the years.[7] While 
Kontaras et  al. have conclusively proven that there is 
no additional risk of sudden cardiac death in sildenafil 
users, the case report of Huber et al. shows otherwise.[8,9]

Clopidogrel, commonly used in myocardial infarction 
and prothrombotic states, is an effective and specific 
inhibitor of prostaglandin E1‑induced adenylyl cyclase 
and, thereby, an inhibitor of ADP‑induced activation of 
platelets, which has proven to be an effective mechanism to 
treat atherogenic and prothrombotic states.[10] Endothelial 

dysfunction, following vascular injury or exposure of 
subendothelial structures or stemming from metabolic 
disorders such as diabetes mellitus, is a common entity 
in India, which has many diabetic individuals.[11] In such 
conditions, when blood flows directly over exposed 
subendothelial structures containing collagen leading to 
platelet activation and aggregation.[12]

Based on this hypothesis, we carried out our experiments, 
which indicated that a high dose of sildenafil 
citrate  (100  mg  –  adult human dose) in the presence 
of endothelial dysfunction  (collagen/ADP exposure 
and increase) leads to increased platelet activation as 
compared to moderate (50 mg) and low dose (25 mg). 
This mechanism and pathophysiology can provide a 
possible explanation for the various case reports and 
articles demonstrating prothrombotic events following 
high‑dose sildenafil usage, such as stroke, myocardial 
infarction, and deep vein thrombosis.[13‑16]

Our results show increased activation of platelets 
induced by ADP and collagen following a high dose 
of sildenafil, in contrast with previous studies. Halcox 
et al. demonstrated that sildenafil inhibits ADP‑induced 
platelet GPIIb/IIIa receptor activation.[17] Li et al. 
demonstrated in vitro Cyclic guanosine monophosphate 
(cGMP) induced platelet activation following sildenafil 
treatment.[3] Wallis et al. demonstrated that sildenafil 
does not significantly inhibit platelet activation,[18] 
whereas Yang et al. demonstrated that sildenafil 
reduced neointimal hyperplasia and inhibited platelet 
aggregation and activation through cGMP dependent 
protein kinase upregulation.[19]

Akand et  al. showed an increase in ADP‑induced 
platelet aggregation at high‑dose sildenafil  (100  mg) 
treated patients with erectile dysfunction compared 
with controls, which seems to align with our findings.[2]

Figure 3: Effect of in vitro sildenafil on human platelet activation induced by 
adenosine 5’‑diphosphate (ADP) and collagen  

Figure 2: Effect of high‑dose sildenafil on platelet activation and mitogen‑activated 
protein kinase phosphorylation
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However, this study needs to be validated in larger 
cohorts to get a better idea of the external validity of the 
hypothesis.

Conclusions

Our studies suggest mild endothelial dysfunctions result 
in increased exposure of platelets to subendothelial 
collagen and elevated levels of ADP in circulation, 
leading to increased platelet activation through the 
phosphorylation of MAPK. Moreover, high‑dose 
sildenafil treatment in mild endothelial dysfunctions 
occurring in an array of diseases can predispose 
individuals to a higher incidence of platelet‑mediated 
thrombotic events, which can be avoided in lower doses.
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