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ABSTRACT ARTICLE HISTORY
Platelets play a crucial role in arterial thrombus formation, offering potential for new Received 5 December 2024
antiplatelet therapies with reduced bleeding risk. Here, we investigated the role of the Revised 6 August 2025
renin-angiotensin system (RAS) in human platelets and explored its potential link to Accepted 7 August 2025
COVID-19 coagulopathy. Experiments were performed ex vivo on healthy human plate- KEYWORDS

lets. The expression of RAS receptors (Mas, MrgD, ACE, ACE2, AT1 and AT2) was eval- ACE2; adhesion;

uated using western blot and immunofluorescence. Platelets were incubated in vitro aggregation; COVID-19;
with either Captopril or different RAS peptides including Alamandine, Angiotensin-I, human platelet; renin-
Angiotensin-ll, Angiotensin-(1-7), and Angiotensin-(1-9). Platelet adhesion was mea- angiotensin system
sured by spectrophotometry using BCECF fluorescence. Platelet activation and aggrega-

tion were analyzed using aggregometry after stimulation with extracellular matrix

proteins. ACE and ACE2 activity were assessed using Fluorescent Peptides (FPS). We

demonstrated that healthy human platelets express all the tested RAS receptors.

However, RAS peptides did not modulate platelet adhesion or aggregation despite

a wide range of concentrations tested. ACE activity was detected in platelet lysates,

but it was not inhibited by Captopril, while ACE2 activity was undetectable. Our findings

suggest that while RAS receptors are expressed in platelets, RAS peptides do not impact

platelet function, at least in our experimental setting. COVID-19 coagulopathy may occur

independently of the RAS.

PLAIN LANGUAGE SUMMARY

Platelets play a crucial role in the formation of a blood clot after vessel injury. However,
blood clots can also obstruct arteries (= arterial thrombosis), resulting in heart attack,
stroke, or peripheral ischemia. As platelets play such an important role in the patholo-
gical development of arterial thrombosis, antiplatelet therapies aim to reduce the risk of
recurrence of these diseases. Antiplatelet therapies usually work by targeting specific
receptors to reduce platelet activity, i.e. platelet adhesion, aggregation and activation. As
current antiplatelet agents can cause bleeding, research aims to develop new strategies
to target only pathological platelet conditions. In this study, we tried to characterize the
effect of different peptides belonging to the renin-angiotensin system (RAS) on platelets.
As the RAS plays an important role in blood pressure regulation, we sought to establish
whether it also plays a role in platelet activity. Furthermore, as SARS-CoV-2 usually enters
cells via ACE2, an enzyme belonging to the RAS, we questioned whether the RAS could
play a role in peripheral thrombosis associated with severe COVID-19 disease (COVID-19
coagulopathy). We observed that RAS receptors are expressed by platelets, while RAS
peptides did not affect platelet adhesion, aggregation, and activation in our experi-
ments. Consequently, we do not think that the RAS plays a significant role in platelet
dynamics and COVID-19 coagulopathy.
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Introduction

Platelets play a critical role in hemostasis and blood clot formation, and are strongly involved in arterial
thrombosis, leading to ischemic heart disease and stroke.'”* While antiplatelet therapies are effective in
secondary prevention of acute ischemic events and during percutaneous interventions, cardiovascular
diseases remain the leading cause of death worldwide.” A major challenge with current antithrombotic
agents is the risk of a potentially life-threatening bleeding. Therefore, there is a pressing need for new
therapeutic strategies that prevent thrombosis while minimizing bleeding risk.

In search of new antiplatelet therapies, platelet physiology has been extensively studied and is
commonly separated in platelet adhesion, activation and aggregation. Upon vascular injury, platelets
interact with the exposed extracellular matrix (ECM) mainly through GPIb-IX-V, GPVI, and a2f1,
leading to platelet adhesion and subsequent activation. Platelet activation triggers shape change,
granule release, and the recruitment of additional platelets through signaling pathways involving
ADP, thromboxane A2, collagen, and thrombin. Aggregation is mediated by the GP IIb/IIla
receptor, which binds fibrinogen, linking platelets together to form a stable thrombus.®

Since the discovery that platelets are sensitive to Angiotensin (Ang) II,” research has also focused on the
relationship between the renin-angiotensin system (RAS) and platelets. The RAS is a peptidergic hormone
system that regulates blood pressure, fluid balance and systemic vascular resistance. The RAS exerts its effect
mainly via Ang-II and its receptors AT1 and AT2, but also involves alternative pathways such as the ACE2/
Ang-(1-7)/MAS-axis,®’ and the Alamandine/MrgD-axis.'® As some of these RAS peptides also appear to have
effects on platelet aggregation,'"'> the RAS could represent a potential target for novel antiplatelet drugs.'>'*

This study aims to demonstrate the presence of various RAS receptors and enzymes on healthy human
platelets, and to characterize the in vitro effects of RAS peptides on platelet function, particularly aggrega-
tion and adhesion.

Materials and method

Experiments were performed ex vivo on healthy human platelets. Initial experiments aimed to demonstrate
the presence of RAS receptors on platelets (western blot and immunofluorescence). Subsequent experi-
ments aimed to assess the impact of RAS peptides and Captopril on platelet function (aggregation and
adhesion). Finally, the extra- and intracellular activity of ACE or ACE2 was assessed using platelet lysates
and fluorescent peptides. Figure 1 shows a graphical representation of the methodology used to isolate
platelets and assess platelet function.

Platelet isolation

Washed platelets (WP) were prepared as previously described.'® Blood was collected from healthy volunteers
(who had not taken any medication in the previous 10 days), using a 10 ml tube (SARSTEDT, S-Monovette)
with a 6:1 ratio of whole blood to ACD (117 mM sodium citrate, 78 mM citric acid, and 282 mM dextrose).
Platelet-rich plasma (PRP) was obtained by centrifugation at 250 g for 2 x 15 min at room temperature (ALC®
PK 121 R). Platelet-poor plasma (PPP) was obtained by centrifugation at 1125 g. To prepare WP, aliquots of
PRP (1 ml) were distributed in 2 ml centrifuges tubes containing 22.5 uM Prostaglandin E1 (PGE1, Enzo Life
Sciences, BML-PG006-0010) and centrifuged at 10 000 g for 30 sec (Eppendorf ® miniSpin plus). The platelet
pellet was resuspended in magnesium- and calcium-free Tyrode buffer at pH 6.2 (17 uM PGE1, 137 mM NaCl,
2.7 mM KCl, 3 mM NaH,PO,, 10 mM Hepes, 1.25 mM NaHCO3, and 5.6 mM dextrose). Centrifugation and
resuspension were repeated twice. Finally, the platelets were resuspended in Tyrode buffer, pH 7.4, with 2 mM
CaCl, and 1 mM MgCl,. In accordance with the Helsinki Declaration, all participants provided informed
consent, and the Swiss ethics committee approved all protocols (project-ID 2017-00732).

Western blot

Platelet lysates (50 pg) were loaded on Mini-PROTEAN TGX pre-cast electrophoresis gels (BioRad, USA).
Proteins were subsequently transferred to a PVDF membrane by semi-dry transfer according to the
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Figure 1. Main experimental protocols. A) platelet isolation, B) adhesion study design, C) aggregation study design. PRP:
platelet-poor plasma, PRP: platelet-rich plasma, WP: washed platelets, rpm: revolutions per minute, rcf: relative centrifugal
force, BSA: bovine serum albumin, RAS: renin-angiotensin system, HTS: high-throughput screening.

HTS plate 384 wells

manufacturer recommendations (BioRad, USA). The membrane was incubated in a blocking solution
(Odyssey Blocking Buffer PBS — 927-40000) for 1 hour at room temperature followed by overnight
incubation at 4°C under stirring, with a primary antibody diluted in 1/3 blocking solution + 2/3 TBST.
After incubation, the membrane was washed three times for 10 min in a solution containing TBS added to
0.1% Tween 20 (TBST) and incubated for 2 h under stirring and at room temperature with a secondary
antibody, diluted in 1/3 blocking solution + 2/3 TBST. The membrane was rewashed (five times for 10 min)
from the excess antibody and the bands were detected using fluorescence and revealed by Odyssey Imaging
System (Li-Cor Biosciences). The antibodies used were anti-ACE (Santa Cruz -20 791), anti-AT1 (abcam 18
801), anti-AT2 (abcam 92 445), anti-ACE2 (abcam 15 348), anti-MAS (abcam 66 030), anti-MrgD (abcam
155099), anti-GAPDH (Santa Cruz 47 724). Secondary antibodies used were iRDye 680RD Donkey Anti-
Rabbit (LiCor) and iRDye 800CW Donkey Anti-Goat (LiCor), both of them at the concentration of 1:6000.

Immunofluorescence

Uncoated Ibidi slides (12 Well Chamber, removable 81 201) containing WP at the concentration of 80 000/
ul were incubated at 37°C — 5% CO, for 1.5 hours. Non-adherent platelets were washed out with Tyrode
buffer at 37°C. Platelets were fixed with cold 1% paraformaldehyde for 30 min at 4°C followed by washing
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with PBS (three times, 10 min intervals). Platelets were permeabilized with 0.1% Triton 10 for 5 minutes.
A control condition with no permeabilization was performed, with PBS instead of Triton. After permea-
bilization, platelets were washed three times with PBS and 0.1% BSA for 10 min. Nonspecific binding was
blocked with 5% BSA for 1 hour at room temperature. Platelets were then incubated for 2 hours at 37°C with
primary antibodies against human ACE (Santa Cruz 20 791), AT2 (SAB2900440), ACE2 (Santa Cruz 20
998), MAS (abcam 66 030), MrgD (Thermo Fisher Scientific PA5-33942), GpIb (Thermo Fisher Scientific
MA511642), diluted in 2% BSA. After incubation, the samples were washed with 2% BSA and incubated
with 1:300 diluted Alexa Fluor 488 and 555 (Invitrogen, A21206 and A21422, respectively) secondary
antibodies for 2 hours at room temperature. After incubation, platelets were washed with 2% BSA and PBS
and chambers were mounted with an aqueous mounting medium. Images were acquired with Nikon Eclipse
Ti2 confocal microscope 60x objective.

Adhesion assay

The adhesion assay followed a similar method as previously described by our lab.'® Briefly, the wells of a 384-
well plate (Greiner Bio-One 781 186) were coated with ECM proteins: Collagen-related peptide (CRP, 10 pg/
mL, University of Cambridge), non-fibrillar Collagen I (8 pg/mL, Sigma, C7661), Collagen III (8 pg/mL,
Sigma, C4407), Laminin 411 (15 ug/mL, BioLamina, LN411-02), Laminin 511 (10 pug/mL, BioLamina,
LN511-02), Fibrinogen (1 mg/mL, Sigma, F8630) and Fibronectin (20 ug/mL, Sigma, F4759). To prevent
nonspecific adhesion of platelets to plastic, BSA 0.03% (Sigma, A7906) was added and incubated for 1 hour at
37°C. The plate was refrigerated until the platelets were isolated, or frozen if the experiment was performed
another day. Platelets (80,000/uL) and the peptides were added to each well and incubated for 1 hour at 37°C to
allow adherence of the platelets. BCECF.AM solution (4 ug/mL, Sigma, B8806) was added and the plate was
incubated for 30 minutes at 37°C. Fluorescence was measured with a microplate reader spectrophotometer
(PerkinElmer, Victor X3) with 485 nm as the excitation wavelength and 535 nm as the emission wavelength.

Aggregation assay

Either 10 pl of WP (450°000/pl) or 20 pl of PRP (Tyrode buffer or PPP for the control) were added to each
well of a 384-well plate (GreinerBio), containing 10 pl of peptide dilutions : Captopril (1 fM, 10 fM, 100 M,
1 pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 pM, 10 uM), Ang-I (10 aM, 100 aM, 1 fM, 10 fM, 100 fM, 1
pM, 10 pM, 100 pM, 1 nM, 10 nM, 100 nM, 1 pM, 10 uM), Ang-II (100 pM, 1 nM, 10 nM, 100 nM, 1 pM,
10 uM), Ang-(1-7) (100 pM, 1 nM, 10 nM, 100 nM, 1 uM, 10 uM), Ang-(1-9) (100 pM, 1 nM, 10 nM, 100
nM, 1uM, 10 uM), Alamandine (100 pM, 1nM, 10 nM, 100 nM, 1 uM, 10 uM). The preparation was
incubated for 15 minutes, at 400 rpm at room temperature, and then stimulated with 10 ul of different
ECM proteins: fibrillar collagen 1 (6.67 pg/ml for WP, 5 ug/ml for PRP, Mélab 0203009), Thrombin (0.83
U/ml, Sigma, T7009), Fibrinogen (0.42 mg/ml, Sigma, F8630), ADP (0.31 pg/ml, Sigma, A2754), Epinephrin
(0.63 pg/ml, Sigma, E4250), Collagen-related peptide (0.83 pg/ml for WP, 0.63 pug/ml for PRP, University of
Cambridge). The plates were stirred for 15 minutes at 1200 rpm at room temperature (Eppendorf,
Mixmate). Platelet function was measured using a plate reader (PerkinElmer, Victor X3) with the absor-
bance parameter at wavelength 595 nm for the PRP condition and 405 nm for the WP condition. Results
were compared to a positive stimulated control with Collagen-I (5 pg/ml for PRP, 6.67 pg/ml for WP).

FPS-based activity assay

WP were centrifuged for 30 seconds at 10 000 rpm and the supernatant was discarded. 150 pl of RIPA Lysis
Buffer (150 mM Sodium Chloride, 1% NP-40 or Triton x-100, 0.5% Sodium Deoxicholate, 0.1% SDS) was
added, and the samples were incubated overnight at 4°C under constant agitation. After incubation, samples
were centrifuged at 12 000 rpm for 20 minutes at 4°C, and the supernatant was collected and kept on ice.
The Assay Buffer (100 mM TrisBase, 50 mM NaCl, 10 uM ZnCl,, 10 mM CaCl,, pH 8) was added to a 384-
well black plate (Greiner Bio-One 781 900). Captopril dilutions (1 mM, 100 uM, 10 uM, 1 uM, 100 nM, 10
nM, Sigma, C4042) and platelet lysates (60 pg/ml) were added to the corresponding wells. Finally, the
Fluorogenic Substrate FPS (10 uM Mca-RPPGFSAFK(Dnp), BML-P227-0001 - Enzo Life Sciences, to detect
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ACE and 40 pM Mca-YVADAPK(Dnp)-OH, ES007 - RnD systems to detect ACE2) was added to the plate.
The plates were incubated at 37°C and fluorescence intensity was measured every 300 seconds for 37 cycles,
(excitation wavelength: 320 nm and emission wavelength: 405nm) with a plate reader (VictorX,
PerkinElmer).

Statistical analysis

Differences between groups were evaluated by One-way analysis of variance (ANOVA) followed by
Dunnett’s test post hoc test. A p<.05 was considered statistically significant. GraphPad Prism 7.0
(GraphPad Software, Boston, MA, USA) was used to perform statistical analysis.

Results
Human platelets express RAS receptors on the extracellular membrane

To demonstrate the presence of RAS receptors, we performed western blot and immunofluorescence on
healthy human platelets. Figure 2A shows a western blot with antibodies directed against MrgD, Mas, ACE,
ACE2, and AT2. The bands were detected around 35 kDa for MrgD and Mas, consistent with the reference
provided by the antibody manufacturer. ACE2-antibodies formed a band around 100 kDa (predicted non-
glycosylated value 92 kDa), which we assigned as possibly partially glycosylated ACE2. The presence of ACE
was detected around 70 kDa (predicted value 76 kDa). Finally, the AT2 receptor was detected at 55 kDa, as
predicted by the reference. We conducted the same experiment confirming the presence of AT1
(Supplemental Figure SI1). To validate these results, an immunofluorescence analysis was performed
(Figure 2B) with different antibodies directed at the same RAS receptors. Glycoprotein Ib (GpIb) was
used as a positive control to confirm the absence of contamination by other cells in the platelet sample. The
fluorescence signals of the Gplb and RAS receptor antibodies co-localize, confirming the presence of these
receptors at the surface of platelets. We conducted the same experiment with permeabilized and non-
permeabilized platelets to determine whether the RAS receptors are integrated into the membrane or
expressed intracellularly. The signal shows similar fluorescence signals between permeabilized and non-
permeabilized platelets (Figure 2C). We conclude that RAS receptors MrgD, Mas, ACE2, ACE, AT1, and
AT?2 are expressed on the extracellular membrane.

Platelet adhesion to ECM proteins is not altered by the RAS

Using BCECF.AM fluorescence assays, we measured platelet adhesion to different ECM proteins
(Fibrinogen, Fibronectin, Collagen-I, Collagen-III, Laminin-411, Laminin-511, and CRP) with BSA repre-
senting the background signal (non-coated control without ECM) (Figure 3A-F). We first used Captopril
and RAS peptides including Alamandine, Ang-I, Ang-II, Ang-(1-7), and Ang-(1-9) to understand if they
would affect platelet adhesion without ECM proteins. We observed that none of the peptides altered platelet
adhesion (Figure 3A-F, BSA only). We subsequently tested various combinations of RAS peptides and the
forementioned ECM proteins. In each case, fluorescence signal was increased as a result of platelet adhesion
to the ECM, but the RAS peptides had no additional effect on platelet adhesion.

No significant effect of RAS peptides on platelet aggregation in absence of agonists

Using a high-throughput 384-well plate method, we first measured platelet aggregation of PRP and WP
incubated with Captopril, Alamandine, Ang-I, Ang-II, Ang-(1-7), and Ang-(1-9) (Figure 4). The peptides
were added to platelets under stirring conditions to determine if they would induce aggregation in the
absence of agonists. Tyrode buffer was used as a negative control and Collagen-I as a positive control
agonist. Aggregation is represented as normalized absorbance (PPP = 100%). For Alamandine, Ang-(1-7),
Ang-(1-9), Ang-I, and Ang-II, the RAS peptides alone do not significantly change baseline platelet
aggregation. For Captopril, we observe an aggregation decrease of 20% at the concentration of 10 uM
(p <.05 for WP). At lower Captopril concentrations, platelet aggregation remains unchanged.
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Figure 2. A) expression of MrgD, Mas, ACE2, ACE, AT2 was demonstrated by western blot of human platelet extracts. The
two columns represent different runs from the same donor (n=3 donors for AT2, MAS, MrgD and ACE; n=>5 for ACE2).
Approximate ladder reference molecular weight on the left. B) immunofluorescence analysis confirmed extracellular MrgD,
MAS, ACE2, ACE, and AT2 expression on isolated platelets from human blood samples. C) MrgD, MAS, ACE2, ACE, and AT2
show similar immunofluorescence activity between permeabilized and non-permeabilized platelets (mean + SEM; n = 4).

No effect of RAS on platelet aggregation induced by different ECM agonists

As RAS peptides alone did not affect platelet aggregation in stirring conditions, we investigated whether
RAS peptides or Captopril modulate ECM agonist-triggered platelet aggregation. The microwells of a 384-
well plate were coated with Captopril, Alamandine, Ang-I, Ang-II, Ang-(1-7), and Ang-(1-9) dilutions (for
each 10 ul, 107'° to 10~ M). Tyrode buffer was used as a negative control and Collagen-I as a positive
control agonist. Different ECM proteins were used, including Collagen, CRP, Thrombin, and Fibrinogen for
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WP conditions, and Collagen, CRP, ADP, and Epinephrine for PRP conditions. Aggregation is represented
as normalized absorbance (PPP =100%). Treating WP with Captopril at a concentration of 10 M, we
observe a decrease of nearly 40% of aggregation induced by Collagen-I (p <.01), a decrease of >50% of
aggregation induced by CRP (p <.05), and a moderate but significant decrease in platelet aggregation
induced by Thrombin (p <.0001) (Figure 5A). We did not observe any change in platelet aggregation
induced by agonists for Alamandine, Ang-I, Ang-II, Ang-(1-7), and Ang-(1-9) (Figure 5B-F).

No ACE and ACE2 activity on human platelets

To further investigate a potential role of the detected ACE and ACE2 receptors, we performed
additional experiments with platelet lysates to measure extra- or intracellular ACE and ACE2 activity
(Figure 6). We observed a marked time-dependent increase of ACE activity to about 11 000 fluorescence
units. The experiments were repeated with Captopril at increasing concentrations to determine if ACE
activity could be blocked. Captopril did not inhibit ACE activity, except at concentrations over 50 mM.
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To validate our subsequent conclusion that the measured ACE activity is nonspecific, we assessed
cytotoxicity of Captopril and observed that Captopril is toxic for platelets at concentrations of 10 and
100 mM (Supplemental Figure S2). The FPS experiment was repeated for ACE2, but no activity was
measured. As a positive control, we used recombinant rACE2 (0.5 ng/uL), for which we obtained
a marked increase in fluorescence to about 9000 fluorescence units.

Discussion

In this study, we demonstrated the expression of AT1, AT2, ACE, ACE2, MrgD and MAS on platelets using
western blot and immunofluorescence. According to our permeabilized vs. non-permeabilized assay, the
receptors are expressed on the extracellular membrane. In previous studies, AT1 and AT2 had already been
observed on platelets using 125-1-Ang-II,'"” RT-PCR'® and western blot."” The presence of Mas receptor has
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Figure 3. Adhesion assay to ECM proteins of WP treated with: A) Captopril, B) Alamandine, C) Ang-l, D) Ang-Il, E) Ang-(1-7), F)
Ang-(1-9) (107° to 1073 M each). The treated platelets were added to wells coated with ECM proteins: fibrinogen (1 mg/mL);
Fibronectin (20 pg/mL); non-fibrillar Collagen-I (8 pg/mL); Collagen-Iil (8 pg/mL); Laminin-411 (15 pug/mL); Laminin-511 (10 pg/
mL) and Collagen-related peptide (CRP) (10 ug/mL). The X-axis represents the concentration of Captopril or RAS peptide in 10*
M, while the Y-axis represents fluorescence. Absolute fluorescence values were compared with the non-coated control (BSA)
condition by one-way ANOVA followed by Dunnett’s test. Results are expressed in mean + SEM, n =4, * p < .05, ** p < .01, ***
p < .001 and **** p < ,0001.

been demonstrated in mice,'' but not yet in human platelets. MrgD and ACE have not been studied in
platelets until now, to our knowledge.

As ACE2 permits cellular entry to SARS-CoV-2,2*?! a few studies recently investigated the expression of
ACE2 on platelets but reported conflicting results. In some studies, ACE2 mRNA was not detected by RNA-
seq in platelets from healthy donors and COVID-19 patients.>** Similarly, no expression of ACE2 in
healthy human platelets was detected using immunofluorescence assay and western blot.*>** On the other
hand, other studies detected expression of ACE2 in platelets by RT-PCR (RNA and protein levels) and
western blot.>>** Campbell and Zaid have tried to find explanations for the contradictory results,
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Figure 4. Aggregation assay analysis of PRP is shown on the left panel and isolated washed platelets (WP) on the right
panel. PRP and WP were treated with Alamandine, Ang-(1-7), Ang-(1-9), Ang-l, Ang-Il and Captopril, and compared with
a positive stimulated control with Collagen-I (5 pg/ml for PRP, 6.67 ug/ml for WP). The X-axis represents the concentration
of the added RAS peptide or Captopril in 10 M. The Y-axis represents the mean aggregation using normalized absorbance.
The bars represent mean + SEM, n =4, * p < .05, ** p < .01, *** p < .001 and **** p < .0001.

questioning the cell markers used to exclude contamination by white blood cells.””*® We confirmed our
results using the Gplb receptor which is specific to platelets. In our opinion, the discrepancy between the
platelet transcriptome (measured by RNA-seq) and the platelet proteome may also explain the conflicting
previous results, as about 16% of the platelet proteome have no corresponding reference mRNA.>

In the platelet adhesion assays, we did not observe any significant effect of the RAS on platelet adhesion.
Enhanced platelet adhesion to leukocytes and endothelial cells has been observed in mice treated with Ang-
I1,%° as well as in AT2-deficient mice.>! Furthermore, the ACE inhibitor Quinapril reduced the adhesion of
hypertensive rat platelets in response to collagen ex vivo and in vitro, without affecting bleeding time.*
Interestingly, no effect was observed with platelets from normotensive rats, in accordance with our
experiments on healthy human platelets. In another study, treatment of platelets with Ang-(1-7) and
Losartan led to reduced Collagen-induced platelet adhesion in hypertensive rats,” a result we were not
able to confirm in normotensive human platelets. Jiménez et al. observed that Losartan (but not
Candesartan and Valsartan) inhibited platelet adhesion alone, as well as U46619 (TxA, agonist)-induced
platelet adhesion.®* Given these results, we suggest that Losartan inhibits platelet activation via TxA,
or AT2.

RAS peptides alone did not induce aggregation in our experiments, as already reported for Ang-I
Subsequently, Ang-II did not alter agonist-induced platelet aggregation while previous studies reported
conflicting results (Summary table, Appendix). Ang-II has been reported to induce Collagen- and ADP-
stimulated platelet aggregation in one study, but unfortunately the authors do not describe the time course

35,36
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of aggregation, although recorded every 10 seconds.”” Furthermore, Ang-II was shown to enhance both
collagen-induced platelet aggregation measured by TxB, production,”® and thrombin-induced platelet
aggregation measured by aggregometry.’® On the other hand, and in line with our study, numerous other
studies did not find any effect of Ang-II on platelet aggregation stimulated by Collagen and ADP.**** From
the receptor perspective, Grothusen et al. demonstrated that the ARB Losartan reduces platelet aggregation
in vitro using PRP from healthy humans.*! In clinical trials, Valsartan, Candesartan and Losartan showed
antiplatelet properties in hypertensive patients.*>*> However, it has been shown that ARBs also inhibit TxA,
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-induced platelet aggregation, while Ang-II enhances platelet aggregation induced by U46619,
a TxA, agonist.*® Losartan was also found to inhibit collagen-induced platelet activation via GPVL* As
our results using Ang-I or Ang-II in vitro do not show any effect on platelet aggregation, we propose that the
effects of Ang-IT and ARBs may be independent of AT1, as previously suggested by Sato et al..*’

In our study, we also tested Ang analogs, which had no effect on platelet aggregation. Fraga-Silva
et al. demonstrated an anti-thrombotic effect in rats and mice,'' but Ang-(1-7) did not induce platelet
aggregation in our experiments, in accordance with known literature.** Ang-(1-9) was shown to
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Figure 5. Aggregation assay analysis of WP and PRP pre-incubated with: A) Captopril, B) Alamandine, C) Ang-I, D) Ang-lI, E)
Ang-(1-7), F) Ang-(1-9) at concentrations of 10'° to 10> M each and stimulated with Collagen (6.67 ug/ml), CRP (0.83 pg/
ml), Thrombin (0.83 U/ml) and Fibrinogen (0.42 mg/ml) for WP, and Collagen (5 pg/ml), CRP (0.63 pug/ml), ADP (0.31 pg/ml)
and Epinephrin (0.63 ug/ml) for PRP. The X-axis represents the Captopril or RAS peptide concentration in 10 M. The Y-axis
represents the mean aggregation using normalized absorbance. The bars represent mean + SEM, n=4, * p < .05, ** p < .01,
*** p <.001 and **** p < .0001.
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Figure 6. Time courses for FPS-peptide-based assay detecting ACE and ACE2 activity in platelet lysates treated with different
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1.2 an effect we did not

enhance collagen-induced platelet aggregation in rats by Kramkowski et a
observe in human platelets.

In our experiments with the ACE inhibitor Captopril, we noted a decrease in aggregation for platelets
treated with Captopril in vitro. However, as this was also measured in absence of agonists in stirring
conditions, the observed effect does not seem to be linked with the agonists. In other studies, Captopril,
Ramipril and Enalapril did not show any effect on ADP-induced platelet aggregation in vitro.**>*>' By
contrast, an inhibitory effect was interestingly noted in vivo for Captopril and Ramipril (but not
Enalapril).*>>*7%°

We subsequently used fluorescent proteins to measure the activity of ACE and ACE2 on platelets and
platelet lysates. The detected ACE activity was not inhibited by Captopril except for cytotoxic concentra-
tions over 50 mM (supplementary data). We therefore conclude that the used FPS was not specific to ACE
which is probably inactive in platelets. As this is contradictory to other in vivo studies, we suggest that an
indirect action mechanism may be responsible for the previously described effect of ACE inhibitors. Finally,
ACE2 activity was undetectable and we conclude that ACE2 is present but inactive in healthy human
platelets.

While SARS-CoV-2 infection mainly results in a respiratory disease, severe coronavirus disease
(COVID-19) can also be associated with systemic coagulopathy. Although numerous pathways seem
to be involved in COVID-19-associated coagulopathy, the underlying mechanisms remain complex
and the role of the RAS and platelets still uncertain.’® Various independent groups have demon-
strated that SARS-CoV-2 can infect platelets, but it remains debated through which receptor.>*>?® It
has first been assumed that the main cellular receptor for SARS-CoV-2 is ACE2, but other proposed
pathways for SARS-CoV-2 uptake include the aIIbB3 integrin and TLR4.>**” It has been reported
that SARS-CoV-2 May directly bind to ACE2 on platelets, while other groups suggested that SARS-
CoV-2 May enter platelets independently of ACE2, although increased platelet reactivity was
measured.”*> In our opinion, as we observed ACE2 expression on platelets, SARS-CoV-2 May infect
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platelets via ACE2. However, as RAS peptides had no significant effect on platelet function in our
experiments, we do not think that the RAS is the main pathway for platelet hyperreactivity in severe
COVID-19 disease. This would be in line with studies that have demonstrated that ACE inhibitors or
Angiotensin receptor blockers (ARBs) do not increase the risk of infection nor severe COVID-19
disease.”®>

The present study has a number of limitations. As only agonists of the RAS system were used, we
cannot exclude that these agonists were degraded by enzymes such as ACE and ACE2. To confirm the
pathway of any measurable effect of RAS peptides, further studies should use specific receptor- and
enzyme-blockers. Furthermore, our study focuses only on platelets from healthy donors, treated in vitro.
Multiple study settings need to be established to further characterize a potential effect of RAS peptides.
Platelets may be taken from patients with cardiovascular diseases or diabetes. For instance, a reduced
density of Ang-II receptor on platelets from patients with insulin-dependent diabetes has been shown®
and the effect on platelet adhesion by Quinapril was only seen in platelets from hypertensive rats."
According to Ding et al, binding of Ang-II to platelets is unchanged in hypertensive patients, but it
remains unclear whether other pathways of the RAS system are affected.®® Platelets from hypertensive
patients treated with ARBs, ACE blockers, or aliskiren may also be used for experiments. Such a study
would be particularly interesting because ACE blockers have multiple effects on the RAS system, which
include binding to platelet receptors like GPVI [63], and intracellular accumulation of Ang-I and Ang-
(1-9) among others. Furthermore, it is important to keep in mind that platelets from patients taking
long-term antihypertensive medication may not necessarily yield the same results as platelets treated
in vitro with antihypertensive drugs. Finally, our conclusions about platelet hyperreactivity in COVID-
19 diseases were drawn by extrapolation using healthy platelets. Further studies should use platelets
from patients infected by SARS-CoV-2 to characterize platelet function in COVID-19-related
coagulopathy.

Conclusion

From this study, we conclude that healthy human platelets express the main receptors of the RAS,
including MrgD, Mas, ACE, ACE2, AT1, and AT2. However, no effect was observed on platelet
adhesion and aggregation by Captopril and RAS peptides including Alamandine, Ang-I, Ang-II, Ang-
(1-7), Ang-(1-9) in vitro despite a large range of concentrations tested. ACE activity was detected in
platelet lysates, but it was not inhibited by Captopril, while ACE2 activity was undetectable. We
hypothesize that in severe COVID-19, thrombosis is most probably induced through a RAS- and ACE2-
independent pathway. As this study focuses on healthy patients and platelets, further studies should
investigate the effect of the RAS peptides on platelets treated with antihypertensive drugs and in patients
with hypertension or COVID-19.

Acknowledgments

We thank Point santé and Discovery Learning Labs from EPFL for the technical support.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Novartis Foundation for medical-biological Research.

Author contributions

AML and NS conceived the study, obtained funding and supervised the work. FP, FMC, DSA, ADN, PH, CM, MM, FJ,
GS, RG, YZ and AML were involved in participants’ recruitment, did the data collection and performed the



16 e F. PANOSETTI ET AL.

experiments. FP, FMC and AML did the statistical analysis. FP wrote the manuscript, AML, ADN, AMC, CB, CM, RS,
RF and FMC provided corrections. All authors read and approved the final manuscript. This work was used as FP’s
doctoral thesis (MD) at Bern University.

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Yeaman MR. Platelets: at the nexus of antimicrobial defence. Nat Rev Microbiol. 2014;12(6):426-37. doi: 10.
1038/nrmicro3269.

Semple JW, Italiano JE, Freedman J. Platelets and the immune continuum. Nat Rev Immunol. 2011;11
(4):264-74. doi: 10.1038/nri2956.

. Gay L], Felding-Habermann B. Contribution of platelets to tumour metastasis. Nat Rev Cancer. 2011;11

(2):123-34. doi: 10.1038/nrc3004.
Reitsma PH, Versteeg HH, Middeldorp S. Mechanistic view of risk factors for venous thromboembolism.
Arterioscler Thromb Vasc Biol. 2012;32(3):563-8. doi: 10.1161/ATVBAHA.111.242818.

. World Health Organization. Global health estimates: leading causes of death [Internet]. 2019 [accessed 2024 Nov

11]. https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-
death.

Van der Meijden PE]J, Heemskerk JWM. Platelet biology and functions: new concepts and clinical perspectives.
Nat Rev Cardiol. 2019;16(3):166-79. doi: 10.1038/s41569-018-0110-0.

Bologna E. Effetti dell angiotensina sull’aggregazione piastrinica. Boll Soc Ital Biol Sper. 1969;45(15):1030-3.
Santos RAS, E Silva AC, Maric C, Silva DMR, Machado RP, de Buhr I, Heringer-Walther S, Pinheiro SVB,
Lopes MT, Bader M, et al. Angiotensin-(1-7) is an endogenous ligand for the G protein-coupled receptor Mas.
Proc Natl Acad Sci USA. 2003;100(14):8258-63. doi: 10.1073/pnas.1432869100.

Santos RAS, Sampaio WO, Alzamora AC, Motta-Santos D, Alenina N, Bader M, Campagnole-Santos M]J. The
ACE2/Angiotensin-(1-7)/MAS axis of the renin-angiotensin system: focus on angiotensin-(1-7). Physiol Rev.
2018;98(1):505-53. doi: 10.1152/physrev.00023.2016.

Schleifenbaum J. Alamandine and its receptor MrgD pair up to join the protective arm of the renin-angiotensin
system. Front Med. 2019;6:107. doi: 10.3389/fmed.2019.00107.

Fraga-Silva RA, Pinheiro SVB, Gongalves ACC, Alenina N, Bader M, Santos RAS. The antithrombotic effect of
angiotensin-(1-7) involves Mas-mediated NO release from platelets. Mol Med. 2008;14(1-2):28-35. doi: 10.2119/
2007-00073.Fraga-Silva.

Kramkowski K, Mogielnicki A, Leszczynska A, Buczko W. Angiotensin-(1-9), the product of angiotensin
I conversion in platelets, enhances arterial thrombosis in rats. ] Physiol Pharmacol. 2010;61(3):317-24.

Blann AD, Nadar S, Lip GYH. Pharmacological modulation of platelet function in hypertension. Hypertension.
2003;42(1):1-7. doi: 10.1161/01.HYP.0000077901.84467.E1.

Diising R. Pharmacological interventions into the renin-angiotensin system with ACE inhibitors and angioten-
sin II receptor antagonists: effects beyond blood pressure lowering. Ther Adv Cardiovasc Dis. 2016;10(3):151-61.
doi: 10.1177/1753944716644130.

Martins Lima A, Wegner SV, Martins Cavaco AC, Estevdo-Costa MI, Sanz-Soler R, Niland S. The spatial
molecular pattern of integrin recognition sites and their immobilization to colloidal nanobeads determine
a2pl integrin-dependent platelet activation. Biomaterials. 2018;167:107-20. doi: 10.1016/j.biomaterials.2018.
03.028.

Martins Lima A, Saint Auguste DS, Cuenot F, Martins Cavaco AC, Lachkar T, Khawand CME. Standardization
and validation of fluorescence-based quantitative assay to study human platelet adhesion to extracellular-matrix
in a 384-well plate. IJMS. 2020;21(18):6539. doi: 10.3390/ijms21186539.

Moore TJ, Williams GH. Angiotensin II receptors on human platelets. Circ Res. 1982;51(3):314-20. doi: 10.1161/
01.RES.51.3.314.

Suzuki H, Shibata H, Murakami M, Sato A, Naito M, Ichihara A, Matsumoto A, Tsujimoto G, Hirasawa A,
Horie K, et al. Modulation of angiotensin II type 1 receptor mRNA expression in human blood cells: comparison
of platelets and Mononuclear Leucocytes. Endocr J. 1995;42(1):15-22. doi: 10.1507/endocrj.42.15.

Montén M, Jiménez A, Nuilez A, Lopez-Blaya A, Farré ], Gémez J, Zalba LR, de Miguel LS, Casado S, Lopez-
Farré A. Comparative effects of angiotensin II AT-1-type receptor antagonists in vitro on human platelet
activation. J Cardiovasc Pharmacol. 2000;35(6):906-13. doi: 10.1097/00005344-200006000-00012.

Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural basis for the recognition of SARS-CoV-2 by full-length
human ACE2. Science. 2020;367(6485):1444-8. doi: 10.1126/science.abb2762.

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S, Schiergens TS, Herrler G,
Wu N-H, Nitsche A, et al. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked by
a clinically proven protease inhibitor. Cell. 2020; 181(2):271-80.e8. doi: 10.1016/j.cell.2020.02.052.

Manne BK, Denorme F, Middleton EA, Portier I, Rowley JW, Stubben C, Petrey AC, Tolley ND, Guo L, Cody M,
et al. Platelet gene expression and function in patients with COVID-19. Blood. 2020;136(11):1317-29. doi: 10.
1182/blood.2020007214.


https://doi.org/10.1038/nrmicro3269
https://doi.org/10.1038/nrmicro3269
https://doi.org/10.1038/nri2956
https://doi.org/10.1038/nrc3004
https://doi.org/10.1161/ATVBAHA.111.242818
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://www.who.int/data/gho/data/themes/mortality-and-global-health-estimates/ghe-leading-causes-of-death
https://doi.org/10.1038/s41569-018-0110-0
https://doi.org/10.1073/pnas.1432869100
https://doi.org/10.1152/physrev.00023.2016
https://doi.org/10.3389/fmed.2019.00107
https://doi.org/10.2119/2007-00073.Fraga-Silva
https://doi.org/10.2119/2007-00073.Fraga-Silva
https://doi.org/10.1161/01.HYP.0000077901.84467.E1
https://doi.org/10.1177/1753944716644130
https://doi.org/10.1016/j.biomaterials.2018.03.028
https://doi.org/10.1016/j.biomaterials.2018.03.028
https://doi.org/10.3390/ijms21186539
https://doi.org/10.1161/01.RES.51.3.314
https://doi.org/10.1161/01.RES.51.3.314
https://doi.org/10.1507/endocrj.42.15
https://doi.org/10.1097/00005344-200006000-00012
https://doi.org/10.1126/science.abb2762
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1182/blood.2020007214
https://doi.org/10.1182/blood.2020007214

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

PLATELETS (&) 17

Shen S, Zhang J, Fang Y, Lu S, Wu ], Zheng X, Deng F. SARS-CoV-2 interacts with platelets and megakaryocytes
via ACE2-independent mechanism. ] Hematol Oncol. 2021;14(1):72. doi: 10.1186/s13045-021-01082-6.

Ito K, Goto K, Shirakawa R, Horiuchi H, Ogasawara K. Platelet Aiibp3 integrin binds to sars-cov-2 spike protein
of alpha strain but not wild type and omicron strains. Biochem Bioph Res Co. 2023;657:80-5. doi: 10.1016/j.bbrc.
2023.03.057.

Zhang S, Liu Y, Wang X, Yang L, Li H, Wang Y, Liu M, Zhao X, Xie Y, Yang Y, et al. SARS-CoV-2 binds platelet
ACE2 to enhance thrombosis in COVID-19. ] Hematol Oncol. 2020;13(1):120. doi: 10.1186/s13045-020-00954-7.
Koupenova M, Corkrey HA, Vitseva O, Tanriverdi K, Somasundaran M, Liu P, Soofi S, Bhandari R, Godwin M,
Parsi KM, et al. SARS-CoV-2 initiates programmed cell death in platelets. Circ Res. 2021 Sep 3. 129(6):631-46.
doi: 10.1161/CIRCRESAHA.121.319117.

Campbell RA, Boilard E, Rondina MT. Is there a role for the ACE2 receptor in SARS-CoV-2 interactions with
platelets? ] Thromb Haemost. 2021;19(1):46-50. doi: 10.1111/jth.15156.

Zaid Y, Guessous F. The ongoing enigma of SARS-CoV-2 and platelet interaction. Res Pract Thromb Haemost.
2022;6(1):e12642. doi: 10.1002/rth2.12642.

Londin ER, Hatzimichael E, Loher P, Edelstein L, Shaw C, Delgrosso K, Fortina P, Bray PF, McKenzie SE,
Rigoutsos I. The human platelet: strong transcriptome correlations among individuals associate weakly with the
platelet proteome. Biol Direct. 2014;9(1):3. doi: 10.1186/1745-6150-9-3.

Ishikawa M, Sekizuka E, Yamaguchi N, Nakadate H, Terao S, Granger DN, Minamitani H. Angiotensin II type 1
receptor signaling contributes to platelet-leukocyte-endothelial cell interactions in the cerebral microvasculature.
Am ] Physiol Heart Circulatory Physiol. 2007;292(5):H2306-15. doi: 10.1152/ajpheart.00601.2006.

Fukuoka T, Hayashi T, Hirayama M, Maruyama H, Mogi M, Horiuchi M, Takao M, Tanahashi N. Platelet-
endothelial cell interaction in brain microvessels of angiotensin II type-2 receptor knockout mice following
transient bilateral common carotid artery occlusion. ] Thromb Thrombolysis. 2015;40(4):401-5. doi: 10.1007/
$11239-015-1254-y.

Gromotowicz-Poplawska A, Stankiewicz A, Mikita J, Aleksiejczuk M, Marcinczyk N, Szemraj J, Chabielska E.
Beneficial effect of combined spironolactone and quinapril treatment on thrombosis and hemostasis in 2K1C
hypertensive rats. ] Physiol Pharmacol. 2018;69:245-53. doi: 10.26402/jpp.2018.2.10.

Kucharewicz I, Chabielska E, Pawlak D, Matys T, Rélkowski R, Buczko W. The antithrombotic effect of
angiotensin-(1—7) closely resembles that of losartan. ] Renin Angiotensin Aldosterone Syst. 2000;1(3):268-72.
doi: 10.3317/jraas.2000.041.

Jiménez AM, Montén M, Garcia R, Nufiez A, Gémez J, Rico L, Garcia-Colis E, de Miguel LS, Arriero MM,
Cabestrero F, et al. Inhibition of platelet activation in stroke-prone spontaneously hypertensive rats: comparison
of Losartan, Candesartan, and Valsartan. ] Cardiovasc Pharmacol. 2001;37(4):406-12. doi: 10.1097/00005344-
200104000-00007.

Haller H, Liidersdorf M, Lenz T, Distler A, Philipp T. Changes in sensitivity to angiotensin II in platelets.
J Cardiovasc Pharmacol. 1987;10(Suppl 10):SS44-46. doi: 10.1097/00005344-198710100-00015.

Rosenblum WI, El-Sabban F, Hirsh PD. Angiotensin delays platelet aggregation after injury of cerebral arterioles.
Stroke. 1986;17(6):1203-5. doi: 10.1161/01.STR.17.6.1203.

Utsugisawa K, Kizawa H, Nagane Y, Kondoh R, Iwa Y, Akutsu H, Tohgi H, Terayama Y. Biphasic effects of
angiotensin II and receptor antagonism on aggregability and protein kinase C phosphorylation in human
platelets. Thromb Haemost. 2005;94(11):1012-18. doi: 10.1160/TH05-02-0125.

Touyz RM, Schiffrin EL. Effects of angiotensin II and endothelin-1 on platelet aggregation and cytosolic pH and
free Ca2+ concentrations in essential hypertension. Hypertension. 1993;22(6):853-62. doi: 10.1161/01.hyp.22.6.
853.

Ding YA, Maclntyre DE, Kenyon CJ, Semple PF. Angiotensin II effects on platelet function. ] Hypertens Suppl.
1985;3(3):5209-212.

Someya N, Morotomi Y, Kodama K, Higa T, Kondo K, Tanaka K. Suppressive effect of Captopril on platelet
aggregation in essential hypertension. J Cardiovasc Pharmacol. 1984;6(5):840-3. doi: 10.1097/00005344-
198409000-00016.

Grothusen C, Umbreen S, Konrad I, Stellos K, Schulz C, Schmidt B, Kremmer E, Teebken O, Massberg S,
Luchtefeld M, et al. EXP3179 inhibits collagen-dependent platelet activation via glycoprotein receptor-VI
independent of AT1 receptor antagonism: potential impact on athero-thrombosis. ATVB. 2007;27(5):1184-90.
doi: 10.1161/ATVBAHA.106.138693.

Serebruany VL, Pokov AN, Malinin AI, O’Connor C, Bhatt DL, Tanguay JF, Sane DC, Hennekens CH. Valsartan
inhibits platelet activity at different doses in mild to moderate hypertensives: valsartan inhibits platelets (VIP)
trial. Am Heart J. 2006;151(1):92-9. doi: 10.1016/j.ahj.2005.03.001.

Sato Y, Fujii S, Imagawa S, Ohmura K, Ohmura Y, Andoh Y, Dong J, Ishimori N, Furumoto T, Tsutsui H. Platelet
aggregability in patients with hypertension treated with angiotensin II type 1 receptor blockers. J Atheroscler
Thromb. 2007;14(1):31-5. doi: 10.5551/jat.14.31.

Liu ECK, Hedberg A, Goldenberg HJ, Harris DN, Webb ML. DuP 753, the selective angiotensin II receptor
blocker, is a competitive antagonist to human platelet thromboxane A2/prostaglandin H2 (TP) receptors.
Prostaglandins. 1992;44(2):89-99. doi: 10.1016/0090-6980(92)90070-A.


https://doi.org/10.1186/s13045-021-01082-6
https://doi.org/10.1016/j.bbrc.2023.03.057
https://doi.org/10.1016/j.bbrc.2023.03.057
https://doi.org/10.1186/s13045-020-00954-7
https://doi.org/10.1161/CIRCRESAHA.121.319117
https://doi.org/10.1111/jth.15156
https://doi.org/10.1002/rth2.12642
https://doi.org/10.1186/1745-6150-9-3
https://doi.org/10.1152/ajpheart.00601.2006
https://doi.org/10.1007/s11239-015-1254-y
https://doi.org/10.1007/s11239-015-1254-y
https://doi.org/10.26402/jpp.2018.2.10
https://doi.org/10.3317/jraas.2000.041
https://doi.org/10.1097/00005344-200104000-00007
https://doi.org/10.1097/00005344-200104000-00007
https://doi.org/10.1097/00005344-198710100-00015
https://doi.org/10.1161/01.STR.17.6.1203
https://doi.org/10.1160/TH05-02-0125
https://doi.org/10.1161/01.hyp.22.6.853
https://doi.org/10.1161/01.hyp.22.6.853
https://doi.org/10.1097/00005344-198409000-00016
https://doi.org/10.1097/00005344-198409000-00016
https://doi.org/10.1161/ATVBAHA.106.138693
https://doi.org/10.1016/j.ahj.2005.03.001
https://doi.org/10.5551/jat.14.31
https://doi.org/10.1016/0090-6980(92)90070-A

18 e F. PANOSETTI ET AL.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Guerra-Cuesta JI, Montén M, Rodriguez-Feo JA, Jiménez AM, Gonzélez-Fernandez F, Rico LA, Gomez RG]J,
Farré ], Casado S, Lopez-Farré A. Effect of losartan on human platelet activation. ] Hypertens. 1999;17
(3):447-52. doi: 10.1097/00004872-199917030-00019.

Nuilez A, Gémez ], Zalba LR, Montdn M, Jiménez A, Velasco S, Lopez-Blaya A, Celdran Uriarte A, Casado S,
Lépez-Farré A. Losartan inhibits in vitro platelet activation: comparison with candesartan and valsartan. ] Renin
Angiotensin Aldosterone Syst. 2000;1(2):175-9. doi: 10.3317/jraas.2000.022.

Schwemmer M, Sommer O, Bassenge E. Angiotensin receptor Blocker Losartan suppresses platelet activity by
interfering with thromboxane signaling. Cardiovasc Drugs Ther. 2001;15(4):301-7. doi: 10.1023/
A:1012750430056.

Rajendran S, Chirkov YY, Campbell DJ, Horowitz JD. Angiotensin-(1-7) enhances anti-aggregatory effects of the
nitric oxide donor Sodium nitroprusside. ] Cardiovasc Pharmacol. 2005;46(4):459-63. doi: 10.1097/01.fjc.
0000176729.51819.a6.

Jiang P, Loyau S, Tchitchinadze M, Ropers J, Jondeau G, Jandrot-Perrus M, Schulz C. Inhibition of glycoprotein
VI clustering by Collagen as a mechanism of inhibiting collagen-induced platelet responses: the example of
Losartan. PLOS ONE. 2015;10(6):e0128744. doi: 10.1371/journal.pone.0128744.

Gow IF, Flapan AD, Morris M, Davies E, Williams BC, Padfield PL, Shaw TRD, Edwards CRW. A lack of effect of
captopril on platelet aggregation in patients with congestive heart failure. Eur J Clin Pharmacol. 1991;41(1):47-9.
doi: 10.1007/BF00280105.

Persson K, Whiss PA, Nyhlén K, Jacobsson-Strier M, Glindell M, Andersson RGG. Nitric oxide donors and
angiotensin-converting enzyme inhibitors act in concert to inhibit human angiotensin-converting enzyme
activity and platelet aggregation in vitro. Eur J Pharmacol. 2000;406(1):15-23. doi: 10.1016/S0014-2999(00)
00647-6.

Skowasch D, Lentini S, Andri¢ R, Jabs A, Bauriedel G. Verminderte Plittchenaggregation bei ACE-
Hemmertherapie - Ergebnisse einer Pilotstudie. Dtsch Med Wochenschr. 2001;126(24):707-11. doi: 10.1055/
s-2001-15032.

Bauriedel G, Skowasch D, Schneider M, Andrié R, Jabs A, Lideritz B. Antiplatelet effects of
angiotensin-converting enzyme inhibitors compared with aspirin and clopidogrel: a pilot study with
whole-blood aggregometry. Am Heart J. 2003;145(2):343-8. doi: 10.1067/mhj.2003.22.

Skowasch D, Viktor A, Schneider-Schmitt M, Liideritz B, Nickenig G, Bauriedel G. Differential antiplatelet
effects of angiotensin converting enzyme inhibitors: comparison of ex vivo platelet aggregation in cardiovascular
patients with ramipril, captopril and enalapril. Clin Res Cardiol. 2006;95(4):212-6. doi: 10.1007/s00392-006-
0363-1.

Schieffer B, Biinte C, Witte ], Hoeper K, Boger RH, Schwedhelm E, Drexler H. Comparative effects of
AT1-antagonism and angiotensin-converting enzyme inhibition on markers of inflammation and platelet
aggregation in patients with coronary artery disease. ] Am Coll Cardiol. 2004;44(2):362-8. doi: 10.1016/j.jacc.
2004.03.065.

Conway EM, Mackman N, Warren RQ, Wolberg AS, Mosnier LO, Campbell RA, Gralinski LE, Rondina M T, van
de Veerdonk FL, Hoffmeister KM, et al. Understanding COVID-19-associated coagulopathy. Nat Rev Immunol.
2022;22(10):639-49. doi: 10.1038/s41577-022-00762-9.

Violi F, Harenberg J, Pignatelli P, Cammisotto V. COVID-19 and long-COVID thrombosis: from clinical and
basic science to therapeutics. Thromb Haemost. 2024;124(4):286-96. doi: 10.1055/s-0043-1776713.

Reynolds HR, Adhikari S, Pulgarin C, Troxel AB, Iturrate E, Johnson SB, Hausvater A, Newman JD, Berger JS,
Bangalore S, et al. Renin-angiotensin-aldosterone system inhibitors and risk of Covid-19. N Engl ] Med.
2020;382(25):2441-8. doi: 10.1056/NEJM0a2008975.

Mancia G, Rea F, Ludergnani M, Apolone G, Corrao G. Renin-angiotensin-aldosterone system blockers and the
risk of covid-19. N Engl ] Med. 2020;382(25):2431-40. doi: 10.1056/NEJM0a2006923.

Connell JMC, Ding YA, Fisher BM, Frier BM, Semple PF. Reduced number of angiotensin II receptors on
platelets in insulin-dependent diabetes. Clin Sci. 1986;71(2):217-20. doi: 10.1042/cs0710217.

Ding YA, Kenyon CJ, Semple PF. Regulation of platelet receptors for angiotensin II in man. ] Hypertens. 1985;3
(3):209-12. doi: 10.1097/00004872-198506000-00003.

Ono K, Ueda H, Yoshizawa Y, Akazawa D, Tanimura R, Shimada I, Takahashi H. Structural basis for platelet
antiaggregation by angiotensin II type 1 receptor antagonist Losartan (DuP-753) via glycoprotein VI. ] Med
Chem. 2010;53(5):2087-93. doi: 10.1021/jm901534d.


https://doi.org/10.1097/00004872-199917030-00019
https://doi.org/10.3317/jraas.2000.022
https://doi.org/10.1023/A:1012750430056
https://doi.org/10.1023/A:1012750430056
https://doi.org/10.1097/01.fjc.0000176729.51819.a6
https://doi.org/10.1097/01.fjc.0000176729.51819.a6
https://doi.org/10.1371/journal.pone.0128744
https://doi.org/10.1007/BF00280105
https://doi.org/10.1016/S0014-2999(00)00647-6
https://doi.org/10.1016/S0014-2999(00)00647-6
https://doi.org/10.1055/s-2001-15032
https://doi.org/10.1055/s-2001-15032
https://doi.org/10.1067/mhj.2003.22
https://doi.org/10.1007/s00392-006-0363-1
https://doi.org/10.1007/s00392-006-0363-1
https://doi.org/10.1016/j.jacc.2004.03.065
https://doi.org/10.1016/j.jacc.2004.03.065
https://doi.org/10.1038/s41577-022-00762-9
https://doi.org/10.1055/s-0043-1776713
https://doi.org/10.1056/NEJMoa2008975
https://doi.org/10.1056/NEJMoa2006923
https://doi.org/10.1042/cs0710217
https://doi.org/10.1097/00004872-198506000-00003
https://doi.org/10.1021/jm901534d

	Abstract
	Abstract
	Introduction
	Materials and method
	Platelet isolation
	Western blot
	Immunofluorescence
	Adhesion assay
	Aggregation assay
	FPS-based activity assay
	Statistical analysis

	Results
	Human platelets express RAS receptors on the extracellular membrane
	Platelet adhesion to ECM proteins is not altered by the RAS
	No significant effect of RAS peptides on platelet aggregation in absence of agonists
	No effect of RAS on platelet aggregation induced by different ECM agonists
	No ACE and ACE2 activity on human platelets

	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	Author contributions
	References

