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Abstract: N-acetylcysteine (NAC) is able to break down protein disulfides, generating free thiols. 

This mechanism occurs on mixed disulfides of albumin (HSA) to form mercaptoalbumin (HMA), 

the main antioxidant species in the plasma. Circulating HSA exists in two main forms: the reduced 

form (HMA), and the oxidized forms, whose predominant modification is cystenylation (HSA-Cys). 

Increased levels of oxidized HSA have been detected in several diseases associated with oxidative 

stress. This study showed that NAC inhibits platelet aggregation by restoring HMA. In addition, 

the regeneration of HMA by NAC inhibits platelet functions such as intracellular calcium mobiliza-

tion, reactive oxygen species generation, arachidonic acid metabolites synthesis, and adhesion to 

the collagen matrix. In our conditions, the exposure of platelets to NAC did not increase GSH levels. 

However, the inhibition of platelet aggregation was also detected following treatment of platelet-

rich plasma with GSH, which, similarly to NAC, reduced HSA-Cys levels. Furthermore, this study 

showed that cysteine, another compound able to restore HMA by reducing the HSA-Cys content, 

inhibited platelet aggregation to a similar extent as NAC. The results obtained in this study suggest 

a new mechanism by which NAC can modulate platelet activation and suggest its possible use as 

an antiplatelet drug in conditions associated with oxidative stress. 

Keywords: N-acetylcysteine; albumin; platelets; aggregation; arachidonic acid metabolites;  

adhesion; reactive oxygen species; calcium mobilization 

 

1. Introduction 

N-acetylcysteine (NAC) is a widely used drug in clinical practice as a mucolytic [1] 

and detoxifying agent against acetaminophen poisoning [2]. Its clinical use is expanding 

[3–8]; for example, it is also used for renal protection in contrast-induced nephropathy [9], 

as a preventive agent for atrial fibrillation [10], and in the treatment of psychiatric and 

neurological disorders [11]. 

In a recent review, the principal molecular mechanisms regarding the antioxidant 

and reducing activity of NAC have been critically revised [12]. Several in vitro and in vivo 

studies have shown that NAC induces the intracellular biosynthesis of glutathione (GSH), 

a well-known direct antioxidant and substrate for several antioxidant enzymes [13]. How-

ever, despite the efficacy of NAC being mainly attributed to its antioxidant-dependent 

ability to generate GSH, all the mechanisms underlying its activity are not yet fully un-

derstood in that they may not depend exclusively on GSH replenishment [14,15]. It should 

be noted, indeed, that the bioavailability of NAC is very low because at physiological pH, 

the carboxyl group loses its proton, becoming negatively charged, thus reducing the abil-

ity of NAC to cross the cell membrane [16]. In some conditions characterized by depletion 
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of endogenous cysteine and GSH, NAC can also act as a direct antioxidant agent for some 

oxidant species such as nitrogen dioxide and hypohalous acid [12]. According to an addi-

tional mechanism recently proposed, NAC is able to break thiol proteins, thus leading to 

the release of free thiols, which possess superior antioxidant activity than NAC. An exam-

ple is given by the mixed disulfides of albumin (HSA) whose reaction with NAC generates 

mercaptoalbumin (HMA), which has an important direct antioxidant activity [12]. It is 

known, indeed, that HSA exists in two main forms, depending on the redox status of 

Cys34: the reduced form or HMA, and the oxidized forms that can be further classified as 

reversible (mixed disulfides of Cys34 with low molecular weight thiols) and irreversible 

(sulfinic or sulfonic acid derivatives of Cys34) forms [17]. The ratio between the reduced 

and oxidized forms has important physio-pathological consequences [18,19]. Approxi-

mately 70–80% of total HSA in the plasma of healthy subjects is present as the reduced 

form while about 20–30% forms a disulfide with several thiol compounds such as cysteine, 

homocysteine, or GSH, and a minor fraction is in an irreversible form (sulfinic and sul-

fonic states) [18]. Among the mixed disulfide forms of HSA, the predominant modifica-

tion is cystenylation (HSA-Cys) [18]. A marked increase in the oxidized forms has been 

reported in several pathological conditions associated with oxidative stress [18]. Indeed, 

HSA is not only the predominant plasma protein, but is involved in several physiological 

functions due to its antioxidant, anti-inflammatory, anti-coagulant, and anti-platelet prop-

erties [20]. Although it has long been known that HSA inhibits platelet aggregation [21–

23], it was only recently shown that oxidative modifications convert albumin into a plate-

let activator [24,25]. 

Platelets, the smallest circulating cells, play a crucial role in hemostasis. However, 

they are also actively involved in several cardiovascular disease-related conditions such 

as atherosclerosis, myocardial infarction, and stroke. Indeed, following endothelial dam-

age, platelets adhere to exposed subendothelial proteins, triggering platelet activation 

consisting of a shape change, the release of granule contents, and aggregation, which ul-

timately participates in thrombus formation [26].  

In this regard, it has been shown that NAC impairs platelet functions [27,28], but the 

mechanism(s) through which this phenomenon occurs is not clear [29], and several hy-

potheses have been formulated [27,28,30].  

The present study investigated whether NAC reduces platelet activation by restoring 

HMA. The findings reconcile with this mechanism as recently described and suggest that 

NAC could be an effective antiplatelet agent in conditions where oxidative stress may 

increase the thrombotic risk 

2. Materials and Methods 

2.1. Blood Collection and Plasma Preparation 

The study was approved by the local institutional Ethics Committee and was per-

formed according to the Declaration of Helsinki. Twenty-five healthy donors, both male 

and female (25–60 years of age) were enrolled, and all the participants provided written 

informed consent at the time of enrollment. None of the study participants had received 

any anti-inflammatory drug, nor drugs that could affect platelet function, in the previous 

10 days. Venous blood from donors was collected in Vacutainer® tubes containing 0.129 

mol/L sodium citrate as an anticoagulant. Healthy donors had a platelet count between 

250–350 × 103/μL. Platelet-rich plasma (PRP) was obtained by centrifugation at 100× g for 

10 min (no brake), and platelet-poor plasma (PPP) was obtained by centrifugation of PRP 

at 700× g for 15 min. 

2.2. Plasma Protein Depletion 

HSA and other high molecular weight plasma proteins (>30 kDa) were removed by 

centrifugation of plasma at 15,000× g for 30 min using centrifugal filters (Amicon®Ultra, 

Merck Life Science S.r.l., Milan, Italy). 
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2.3. Platelet Aggregation Assays 

Platelet aggregation was measured with a PAP-8E Biodata® optical aggregometer 

(Bio/Data Corporation, Sentinel Diagnostic, Milan, Italy). PRP (250 μL) was pre-incubated 

with NAC (25–100 μg/mL; Sigma-Aldrich S.r.l., Milan, Italy) or with the vehicle for differ-

ent times (10, 20, 30 min) at 37 °C with constant stirring (1200 rpm). Aggregation was 

induced by the addition of different agonists, and monitored for 6 min as change in light 

transmittance. In another set of experiments, PRP was centrifuged at 700× g, and the plate-

let pellet was resuspended in 250 μL of plasma depleted of high molecular weight protein 

(>30 kDa) in the absence or presence of vehicle-treated HSA (Albutein®, Grifols Italia, 

S.p.A., Milan, Italy) or NAC-treated HSA. Aggregation was induced by the addition of 

collagen (8 μg/mL; Mascia Brunelli, Milan, Italy). Results are expressed as the area under 

the curve (AUC).  

2.4. Measurement of Thromboxane B2 and 12-Hydroxyeicosatetraenoic Acid 

Six minutes after the addition of collagen to PRP, platelet aggregates were pelleted 

and plasma was collected. The levels of thromboxane B2 (TxB2) and 12-hydroxyeicosatet-

raenoic (12-HETE), the major arachidonic acid metabolites derived from cyclooxygenase 

and lipoxygenase pathways, respectively, and most abundant eicosanoids released dur-

ing aggregation, were measured using a liquid chromatography-tandem mass spectrom-

etry (LC-MS/MS) method previously developed and validated [31]. Briefly, after the ad-

dition of deuterated d4-TXB2 and d8-12-HETE as internal standards and the solid-phase 

extraction of serum samples, analytes were resolved using reversed-phase C18 column 

and quantified using negative ion electrospray ionization-tandem mass spectrometry.  

2.5. Measurement of Glutathione 

GSH levels were measured in plasma and platelets after 30 min incubation of PRP 

with and without NAC, exogenous GSH, or GSH ethyl ester (GSHO-Et). Platelets were 

then isolated by centrifugation (700× g for 15 min) and washed with phosphate buffered 

saline (PBS). Intracellular and plasma GSH levels were quantified using a LC-MS/MS 

method previously developed and validated by us [32]. Briefly, chromatographic separa-

tion was conducted on a Luna PFP analytical column (100 × 2.0 mm, 3 µm, Phenomenex, 

Castel Maggiore, Bologna, Italy), eluted at 35 °C under isocratic conditions at 200 µL/min 

by 1% methanol in ammonium formate 0.75 mmol/L adjusted to pH 3.5 with formic acid. 

Analysis was performed by an Accela chromatographic system coupled with a triple 

quadrupole mass spectrometer TSQ Quantum Access (Thermo Fisher Scientific, Rodano, 

Milan, Italy) using an electrospray ionization source in positive ion mode. The transitions 

used in the multiple reaction monitoring were m/z 308.1→m/z 76.2 + 84.2 + 161.9. Data 

were obtained by comparison with calibration curves using GSH standard solutions 

(Sigma-Aldrich S.r.l.). The intra- and inter-day CVs % obtained with standard samples 

were <5%. The limits of detection were 0.031 µmol/L. Levels of GSH were expressed as 

μmol/L concentration and data are reported as mean ± SD. 

2.6. Measurement of Cysteinylated form of Albumin 

HSA-Cys was measured by mass spectrometry analysis of intact proteins in plasma, 

as previously described [33]. Briefly, platelets were removed and plasma proteins were 

separated by liquid chromatography on a reversed-phase Phenomenex LC column Jupi-

ter—C4 (150 × 2 mm, i.d. 5 µm, 300 Å, Milan, Italy) and analyzed by a triple-quadrupole 

mass spectrometer (Finnigan TSQ Quantum Ultra, ThermoQuest, Milan, Italy) equipped 

with an Electrospray Finnigan Ion Max source. MagTran software (Mag-Tran 1.03b2) was 

used for spectra deconvolution and calculation of the relative abundance of HSA-Cys. 

  



Antioxidants 2022, 11, 445 4 of 14 
 

2.7. Albumin Cysteinylation 

HSA-Cys was obtained following incubation of HSA (Albutein®) with 17 mmol/L 

cystine at 37 °C for 24 h. The solution was then filtered through Millex-HV (0.45 μm; 

Merck Life Science S.r.l., Milan, Italy) [34].  

2.8. Platelet Adhesion Assays 

The 96-well microtiter plates were coated (overnight at 4 °C) by adding 100 μL per 

well either with collagen type I (100 μg/mL; Roche Diagnostic S.p.a. Monza, Monza Bri-

anza, Italy) or human fibrinogen (100 μg/mL; Merck Life Science S.r.l.). The non-specific 

platelet adhesion was prevented by the pre-treatment of the wells with 200 μL 1% bovine 

serum albumin for 1 h at 37° C. Following three washing steps, 50 μL PRP (treated with 

100 μg/mL NAC or vehicle for 30 min at 37 °C) were added to each well and incubated at 

37 °C without stirring to allow platelet adhesion. After 1 h, non-adherent platelets were 

removed, the plate was washed, and adherent cells were quantified through the measure-

ment of the acid phosphatase activity. Briefly, 150 μL of acid phosphatase substrate (100 

mmol/L citrate buffer pH 5.4, containing 5 mmol/L p-nitrophenyl phosphate and 0.1% 

Triton X-100) was added to each well. After 1 h incubation at 37 °C, the reaction was 

stopped by the addition of 100 μL NaOH 2 N. The p-nitrophenol produced was then 

measured by reading the absorbance at 405 nm (Infinite M Plex, Tecan, Tecan S.r.l., Cer-

nusco sul Naviglio, Milan, Italy). A set of experiments was performed using tirofiban 

(Sigma-Aldrich S.r.l.), an αIIbβ3 antagonist. PRP was treated with tirofiban 5 μg/mL, for 

30 min at 37 °C before the adhesion assay. 

2.9. Measurements of Intracellular Calcium Mobilization 

PRP was incubated with 2 μmol/L Fura-2 AM (abcam, Prodotti Gianni, Milan, Italy) 

for 1 h at 30 °C in the dark. Platelets were precipitated and subsequently resuspended in 

autologous PPP preincubated with vehicle or 100 μg/mL NAC for 30 min at 37 °C. A total 

of 100 μL per well of platelet suspension was added in a black wall, clear-bottom 96-well 

plate. Platelets were then stimulated by adding 0.5 μg/mL collagen, and the fluorescence 

was detected at 510 nm emission with excitation at 340 nm and 380 nm (Infinite M Plex, 

Tecan, Tecan S.r.l.). The fluorescence signal was monitored every 30 s for 6 min. 

2.10. Determination of Reactive Oxygen Species Generation 

The endogenous generation of reactive oxygen species (ROS) was measured by the 

intracellular oxidation of 2′,7′-dichlorofluorescin (DCFH; Sigma-Aldrich S.r.l.). A total of 

100 μL PRP was incubated with non-fluorescent DCFH for 1 h at 37 °C with stirring. Plate-

lets were precipitated and resuspended in autologous PPP previously treated with vehicle 

or 100 μg/mL NAC for 30 min at 37 °C, and stimulated with collagen (0.5 μg/mL). Intra-

cellular DCFH was oxidized to fluorescent 2′,7′-dichlorofluorescein (DCF), and fluores-

cence was recorded for 6 min using Infinite M Plex Tecan (Tecan S.r.l.) by exciting the 

sample at 485 nm and measuring the resulting fluorescence at 535 nm. 

2.11. Statistical Analysis 

Data are expressed as mean ± SD. Differences between the groups were assessed by 

the Student t-test for single comparison or by the analysis of variance for repeated 

measures (ANOVA) and Dunnett’s or Tukey’s post hoc test, where indicated. A p-value < 

0.05 was considered significant. 
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3. Results 

3.1. Effect of N-Acetylcysteine on Platelet Aggregation and Arachidonic Acid Metabolite Genera-

tion 

PRP obtained from healthy subjects was pretreated with different concentrations of 

NAC for different times, as indicated in Figure 1. Subsequently, platelets were stimulated 

with 0.5 μg/mL collagen, and aggregation was monitored for 6 min. NAC inhibited colla-

gen-induced platelet aggregation in a concentration- and time-dependent manner (Figure 

1A, B). An almost complete inhibition was observed using 100 μg/mL NAC for 30 min 

(−85.77% ± 17.6%), so all subsequent experiments were performed using these conditions. 

The inhibition of platelet aggregation induced by NAC is not stimulus-dependent, as it 

was also observed with other stimuli like adenosine diphosphate (ADP) (244.50 ± 84.73 

and 59.77 ± 63.88 using ADP 2 μmol/L in the absence or in the presence of NAC, respec-

tively, n = 4; p < 0.02), and the thromboxane A2 (TxA2) analog U46.619 2 μmol/L (260.0 ± 

21.24 and 56.50 ± 64.80 in the absence or in the presence of NAC, respectively, n = 4; p < 

0.05).  

 

Figure 1. Effect of NAC on platelet aggregation and synthesis of arachidonic acid metabolites. PRP 

was incubated with NAC for 30 min at 37 °C, and subsequently, platelets were stimulated with 

collagen. (A) Concentration-dependent inhibition of aggregation induced by 0.5 μg/mL collagen 

after pre-treatment with NAC, n = 5. (B) Time-dependent inhibition of aggregation induced by col-

lagen after pre-treatment with 100 μg/mL NAC, n = 4. (C) Levels of TxB2 and (D) 12-HETE measured 

in PRP pre-treated with NAC and stimulated with collagen. n = 9; * p < 0.05, ** p < 0.01, *** p < 0.001 

vs. collagen-stimulated PRP for ANOVA and Dunnett’s post hoc test (A,B) and for Student t-test 

(C,D). 

As platelet activation triggers the induction of the arachidonic acid cascade with the 

generation of TxA2, the main metabolite derived from the cyclooxygenase pathway, and 

of 12-HETE from the lipoxygenase pathway, these eicosanoids were measured as de-

scribed in the Methods section. As TxA2 is unstable, the stable metabolite thromboxane B2 

(TxB2) was measured. The results show that NAC significantly reduced both TxB2 and 12-

HETE synthesis induced by collagen (Figure 1C,D). 
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3.2. Involvement of the Intracellular Glutathione in the Antiplatelet Effect of N-Acetylcysteine  

Most of the effects induced by NAC are attributed to its ability to generate GSH [35]. 

To verify this possibility, platelet aggregation was induced in collagen-treated PRP incu-

bated with GSH (100 μg/mL) or with the membrane-permeable GSH-derivative GSH-OEt. 

Both compounds reduced platelet aggregation to an extent fully comparable to NAC (Fig-

ure 2A). As expected, a marked increase in GSH levels was detected in plasma after incu-

bation with GSH exogenously added (Figure 2B). However, the incubation of PRP for 30 

min with both NAC and GSH or GSHO-Et did not induce intracellular GSH accumulation 

(Figure 2C). 

 

Figure 2. Effect of GSH, NAC, and GSH-OEt on platelet aggregation and on plasma and platelet 

GSH levels. PRP was incubated with NAC, GSH, or GSH-OEt for 30 min at 37 °C. (A) Platelet ag-

gregation was induced by the addition of collagen and monitored for 6 min, n = 5. *** p < 0.001 vs. 

collagen-stimulated PRP. (B) Plasma and (C) intracellular GSH levels were measured by LC-MS/MS. 

n = 5 and n = 6 for plasma and platelet levels, respectively. *** p < 0.001 vs. basal condition for 

ANOVA and Dunnett’s post hoc test. 

3.3. Effect of N-Acetylcysteine on the Restoration of HMA 

To address the hypothesis that NAC might act on platelet aggregation by restoring 

HMA, a series of experiments was performed using plasma depleted of high molecular 

weight proteins including HSA. HSA (Albutein®) exogenously added, at a physiological 

concentration (40 g/L), to the depleted plasma, reduced platelet aggregation induced by 

collagen (Figure 3A). This commercially available solution of HSA contained about 37% ± 

1.86% of HSA-Cys, and the treatment with NAC (100 μg/mL for 30 min) reduced the HSA-

Cys level to 14.03% ± 1.24% [36]. The addition of NAC-pre-treated HSA to plasma de-

pleted further reduced the platelet aggregation induced by collagen (Figure 3A). In par-

ticular, NAC-pre-treated HSA significantly reduced platelet aggregation compared to that 

measured with vehicle-treated HSA (n = 6; p = 0.01 paired t-test). To better clarify the role 

of HMA on platelet aggregation, plasma depleted was treated with NAC in the absence 

of HSA. The results showed a modest, not statistically significant, inhibition of platelet 
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aggregation (Figure 3A). Conversely, the addition of the in vitro obtained Cys-HSA to the 

plasma depleted induced an increase in platelet aggregation with respect to that detected 

after the addition of HSA (Figure 3B). Overall, these results support the anti-platelet role 

of HMA. 

 

Figure 3. Effect of the different redox status of HSA on platelet aggregation. (A) Plasma depleted of 

high molecular weight proteins including HSA was incubated with or without HSA pre-treated 

with vehicle or NAC for 30 min at 37 °C. Platelet aggregation was induced by the addition of colla-

gen and monitored for 6 min, n = 6. * p < 0.05, *** p < 0.001 vs. collagen-stimulated platelet. (B) HSA 

pre-treated with vehicle or NAC for 30 min at 37 °C or HSA-Cys was added to plasma depleted. 

Platelet aggregation was induced by the addition of collagen and monitored for 6 min, n = 5. ** p < 

0.01 vs. platelets resuspended with plasma depleted containing HSA, for ANOVA and Dunnett’s 

post hoc test. 

In addition, results suggest that the anti-platelet effect of exogenously added GSH is 

likely attributable to the reduction in the levels of HSA-Cys. Indeed, the analysis of plasma 

treated with GSH showed a progressive decrease in HSA-Cys plasma levels after incuba-

tion with 100 μg/mL GSH, reaching a reduction in 37.29% ± 8.32% at 30 min (Figure 4). 

 

Figure 4. Levels of HSA-Cys in PRP. PRP was incubated with 100 μg/mL GSH for 30 min at 37 °C. 

Platelets were removed, and the levels of HSA-Cys were measured in plasma mass analysis. n = 6. 

*** p < 0.001 for Student t-test. 

3.4. Effect of Cysteine on Platelet Aggregation  

As previously reported, cysteine restores HMA by reducing the HSA-Cys form [33]. 

The pre-treatment of PRP with both D- and L-cysteine (Cys) in the same conditions per-

formed with NAC reduced platelet aggregation promoted by collagen to an extent similar 
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to that observed with NAC (−66.6% ± 29.9%, −67.0% ± 21.4%, −81.85% ± 10.0%, for NAC, 

D-Cys, and L-Cys, respectively) (Figure 5). 

 

Figure 5. Effect of D- and L-Cys on platelet aggregation. PRP was incubated with NAC, D-Cys, or 

L-Cys for 30 min at 37 °C. Platelet aggregation was induced by the addition of collagen and moni-

tored for 6 min, n = 4. *** p < 0.001 vs. collagen-stimulated PRP, for ANOVA and Dunnett’s post hoc 

test. 

3.5. Effect of NAC-Pretreated PRP on Platelet Adhesion  

Platelet adhesion was evaluated both on collagen and fibrinogen surfaces. The pre-

treatment of PRP with NAC significantly inhibited the adhesion to collagen. Conversely, 

platelet adhesion to fibrinogen was not affected (Figure 6A,B). Adhesion was also meas-

ured after the addition of 2 μmol/L ADP. ADP increased platelet adhesion to both the 

collagen and fibrinogen surface (300.39% ± 265.23%; n = 7, and 81.09% ± 34.45% n = 7, for 

collagen and fibrinogen matrix, respectively). Similar to what was found in basal condi-

tions, also after stimulation with ADP, NAC reduced platelet adhesion to collagen, but 

not to the fibrinogen matrix (Figure 6A,B). The pre-treatment of platelets with tirofiban, a 

selective αIIbβ3 receptor inhibitor, nearly completely inhibited platelet adhesion to fibrin-

ogen coated wells (−82% ± 7.87%, n = 5). 

 

Figure 6. Effect of NAC on platelet adhesion to extracellular matrices. PRP was incubated with ve-

hicle or NAC for 30 min at 37 °C, and added to (A) collagen- or (B) fibrinogen-coated plates. Platelets 

were incubated for 1 h at 37 °C. Non-adherent platelets were removed, and the adherent platelets 

were quantified through the measurement of acid phosphatase activity. Data are expressed as ab-

sorbance, n = 7. * p < 0.05 vs. basal, § p < 0.05 vs. ADP-stimulated platelets for the Student t-test in 

the comparison of the NAC-treated sample vs. the correspondent sample without NAC. 
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3.6. Effect of NAC-Pretreated Plasma on Intracellular Calcium Mobilization  

Calcium mobilization is critical for platelet activation and aggregation. Indeed, an 

increase in intracellular calcium ([Ca2+]i) triggers several signaling pathways, whilst its 

decrease reduces platelet activation [37]. Therefore, it was evaluated whether the resus-

pension of platelets with plasma pre-treated with vehicle or NAC affected [Ca2+]i mobili-

zation. Stimulation of platelets with collagen induced a marked increase in [Ca2+]i levels 

(49.15% ± 17.34%). NAC-pretreated plasma significantly reduced collagen-induced [Ca2+]i 

mobilization (Figure 7). 

 

Figure 7. Effect of NAC on intracellular calcium mobilization. PRP was incubated with 2 μM Fura-

2 AM. Platelets were precipitated and resuspended in plasma pre-treated with vehicle or NAC for 

30 min at 37 °C. Platelets were stimulated with collagen (0.5 μg/mL) for 6 min. Data are expressed 

as absorbance of Fura-2 AM, n = 4. * p < 0.05 and ** p < 0.01 vs. collagen-stimulated platelets for 

ANOVA and Dunnett’s post hoc test. 

3.7. Effect of NAC-Pretreated PRP on Reactive Oxygen Species Generation  

Several experimental and clinical studies have shown that platelets are able to gen-

erate ROS [38]. The stimulation of platelets with collagen induced a marked increase in 

ROS generation (71.25% ± 20.42%; n = 5) and the preincubation of plasma with NAC sig-

nificantly reduced ROS endogenously generated by platelets both in unstimulated and 

stimulated conditions (Figure 8). 

 

Figure 8. Effect of NAC on the endogenous generation of ROS by platelets. PRP was incubated with 

DCFH for 1 h at 37 °C. Platelets were precipitated and resuspended in plasma pretreated with ve-

hicle or NAC for 30 min at 37 °C and stimulated with 0.5 μg/mL. Fluorescence was detected 6 min 

after the addition of collagen. Data are expressed as absorbance of intracellular DCF n = 5. ** p < 0.01 

vs. basal; *** p < 0.001 vs. collagen-stimulated platelets for ANOVA and Tuckey’s post hoc test. 
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4. Discussion 

This paper showed that NAC is able to reduce platelet activation through a mecha-

nism recently described, which is based on its disulfide-breaking activity and involves the 

reduction in HSA-Cys. In particular, NAC-mediated HMA-regeneration affects platelet 

function in terms of aggregation, synthesis of arachidonic acid metabolites, adhesion, the 

production of oxygen radicals, and calcium mobilization. 

A number of papers have shown that plasma HSA can influence platelet activity 

[21,23,39–41]. More recently, it has been shown that HSA is subjected to different oxidative 

modifications that can affect its properties. In particular, oxidative modifications of Cys34 

have been reported in vivo, and increased levels of these oxidized forms have been de-

tected during aging and in pathological conditions associated with oxidative stress [18]. 

Indeed, the oxidative forms of HSA induce oxidative stress, promote inflammation, and 

trigger platelet activation [25]. 

A previous study has shown that in vitro treatment of HSA with NAC reduced the 

levels of its cysteinylated form to regenerate the native form [33]. This study showed that 

the treatment of PRP with NAC inhibited collagen-induced platelet aggregation in a con-

centration- and time-dependent manner. This inhibition was not agonist-specific, as ADP- 

and U46.619-induced aggregation was similarly affected. It has been previously shown by 

Gibson et al. that NAC inhibited ADP- and thrombin-induced platelet aggregation in as-

sociation with an increase in intracellular GSH accumulation [42]. In our experimental 

conditions, no increase in GSH levels was detected in platelets exposed to NAC, likely 

due to the short incubation time. However, inhibition of platelet aggregation was also 

detected following treatment of PRP with GSH. Indeed, similar to NAC and Cys, we 

showed that GSH also reduced the HSA-Cys levels. 

Similarly, cysteine is another compound able to restore HMA by reducing the HSA-

Cys content [33]. Accordingly, the treatment of PRP with D- and L-Cys also inhibited 

platelet aggregation, similarly to that found with NAC.  

The capacity of HMA to inhibit platelet aggregation has been attributed to several 

mechanisms that include a reduction in the conversion of arachidonic acid to the pro-

aggregating agent TXB2, and an increase in the formation of PGD2, which inhibits platelet 

aggregation [39]. Accordingly, a significant inhibition of the release of the arachidonic acid 

metabolite TxB2 was detected, suggesting a potential role of this metabolite in the effect 

observed after exposure of PRP to NAC. In addition, a marked reduction in 12-HETE was 

also shown. The role of 12-HETE in platelet function is debated, and both pro-thrombotic 

and anti-thrombotic effects have been reported [43]. Nevertheless, the presence of 12-

HETE increases thrombin-induced platelet aggregation [44]. The mechanism(s) by which 

NAC-pretreated plasma reduces the synthesis of these metabolites of arachidonic acid is 

unknown; even if our data suggest that the inhibitory effect of NAC-regenerated HMA 

on platelet aggregation is upstream of the cyclooxygenase and lipoxygenase pathways. In 

line with this assumption, it has been noted that NAC reduces the mobilization of arachi-

donic acid in macrophages [45].  

The antioxidant activity of HMA is mediated by the thiol group, and although oxi-

dized forms of albumin have been shown to induce platelet activation and promote plate-

let-endothelium interaction [24,25], no information is available about the ability of regen-

erated HMA, obtained after NAC treatment, to modulate platelet function. In order to 

define the possible mechanism responsible for the inhibitory effect shown by NAC, plate-

lets were precipitated from PRP and resuspended in autologous plasma depleted of high 

molecular weight proteins including HSA, pretreated with or without HSA and with or 

without NAC. The results showed a marked reduction in collagen-induced platelet aggre-

gation after the addition of HSA and NAC to the depleted plasma. In contrast, no inhibi-

tion of aggregation was detected after resuspension of platelets with NAC-treated-de-

pleted plasma in the absence of HSA. Finally, platelets resuspended in depleted plasma 

containing HSA-Cys showed an increased aggregation with respect to that of HSA or HSA 
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NAC-treated. These results support the role of the reduced form of HSA in the inhibition 

of platelet aggregation detected after NAC-treatment. 

It is also possible to speculate that the reduced form of HSA could block the nucleo-

tide surface receptor P2Y12 receptor by acting at the level of free cysteines present on it. 

Nucleotide surface receptors expressed on platelets play a crucial role in platelet function 

and among them, the activation of the P2Y12 receptor shows a central role in platelet ag-

gregation [46]. Recently, it has been shown that this receptor has two free cysteines in its 

extracellular domain, which are the target of the thiol reagent, and it has been suggested 

that antiplatelet drugs such as clopidogrel inactivate the receptor through the formation 

of disulfide bridges [47].  

In the hemostatic system, the first event that occurs after a vascular injury is the ad-

hesion of platelets to the subendothelium, an essential process to counteract blood loss. 

However, an excessive or inappropriate adhesion can lead to the uncontrolled formation 

of a thrombus with consequent vascular occlusion and ischemia [48]. The first step in the 

adhesion process is the interaction of the integrins and non-integrin proteins such as gly-

coproteins (GPs) expressed on the platelet membrane with the subendothelial collagen, 

the major constituent of the extracellular matrix. The adhesion to collagen involves several 

receptors such as the integrins α2bβ1 or GPIa/IIa, and αIIbβ3, also known as GPIIb/IIIa, 

and GPIb and GPIV [49]. Integrin αIIbβ3 plays a pivotal role in the formation of the fibrin 

cloth because it binds proteins containing the RGD sequence including fibrinogen, its ma-

jor ligand [50]. The incubation of PRP with NAC significantly inhibited platelet adhesion 

to the collagen surface without affecting their adhesion to fibrinogen. In contrast, the pre-

treatment of platelet with tirofiban, which selectively inhibits the αIIbβ3 receptor, mark-

edly reduced platelet adhesion to fibrinogen. These findings suggest that NAC-treated 

HSA differentially modulates integrin activation without affecting the conformational 

change required to bind the fibrinogen with high affinity.  

Platelet activation is triggered by several agonists, which despite acting on different 

platelet receptors and activating different signaling pathways, all lead to an increase in 

[Ca2+]i [51]. In addition, it is known the crosstalk between calcium and ROS, indeed an 

increase in calcium levels, can increase the ROS production and an increase in ROS gen-

eration can trigger an increase in [Ca2+]i [52]. This study showed that the pretreatment of 

plasma with NAC fully prevents the increase in [Ca2+]i induced by collagen.  

It has been previously suggested that the inhibition of ROS generation is not a direct 

effect of NAC since it is a weak antioxidant in its own right [42]. In addition, this study 

rules out a role mediated by an intracellular increase of GSH, and suggests that the anti-

oxidant action of NAC is dependent on its ability to regenerate the native form of HSA, 

the main antioxidant in plasma. 

5. Conclusions 

This paper showed that NAC reduces platelet activation through a mechanism re-

cently described that involves the restoration of the native form of HSA. Although it is 

commonly accepted that NAC acts as a precursor for GSH biosynthesis or as a scavenger 

of reactive oxygen species, these mechanisms cannot explain all the activities of NAC. 

Indeed, it has been evidenced that while NAC is effective in restoring GSH under condi-

tions of deficiency, it is ineffective in increasing GSH in normal conditions [53]. Moreover, 

NAC per se is a weak antioxidant [42], but can act indirectly through the formation of 

other compounds. Indeed, NAC is able to break the disulfide bonds of several proteins, 

and among them, it can reduce the mixed disulfide forms of HSA, restoring its native 

antioxidant form. Through this mechanism, NAC is able to modulate multiple platelet 

function, reducing aggregation, adhesion, intracellular calcium mobilization, and ROS 

generation.  

Overall, these results open a new perspective on the therapeutic use of NAC in con-

ditions of oxidative stress associated with platelet activation. 



Antioxidants 2022, 11, 445 12 of 14 
 

Author Contributions: Conceptualization, C.B. and S.E.; Methodology, S.E.; Software, B.P.; Valida-

tion, S.E., B.P., and G.A.; Formal analysis, S.E.; Investigation, S.E.; Resources, C.B.; Data curation, 

C.B.; Writing—original draft preparation, S.E. and C.B.; Writing—review and editing, S.C., G.A., 

and B.P.; Visualization, S.E.; Supervision, C.B.; Project administration, C.B.; Funding acquisition, 

C.B. All authors have read and agreed to the published version of the manuscript. 

Funding: This research was funded by the Italian Ministry of Health, Rome, Italy (Ricerca Corrente 

RC 2021 MPP1A ID 2746191). 

Institutional Review Board Statement: The study was conducted in accordance with the Declara-

tion of Helsinki, and approved by the Institutional Ethics Committee of Centro Cardiologico Mon-

zino I.R.C.C.S. (protocol code 1626 and date 2 November 21)” for studies involving humans.  

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 

study. 

Data Availability Statement: Data collected in the study will be made available using the data re-

pository Zenodo (https://zenodo.org) with restricted access upon request to direzione.scien-

tifica@ccfm.it. 

Conflicts of Interest: The authors declare no conflicts of interest. 

References 

1. Calzetta, L.; Matera, M.G.; Rogliani, P.; Cazzola, M. Multifaceted activity of N-acetyl-l-cysteine in chronic obstructive pulmo-

nary disease. Expert Rev. Respir. Med. 2018, 12, 693–708. https://doi.org/10.1080/17476348.2018.1495562. 

2. Prescott, L.F.; Illingworth, R.N.; Critchley, J.A.; Stewart, M.J.; Adam, R.D.; Proudfoot, A.T. Intravenous N-acetylcystine: The 

treatment of choice for paracetamol poisoning. Br. Med. J. 1979, 2, 1097–1100. https://doi.org/10.1136/bmj.2.6198.1097. 

3. Tenório, M.; Graciliano, N.; Moura, F.; Oliveira, A.; Goulart, M. N-Acetylcysteine (NAC): Impacts on Human Health. Antioxi-

dants 2021, 10, 967. https://doi.org/10.3390/antiox10060967. 

4. Raghu, G.; Berk, M.; Campochiaro, P.A.; Jaeschke, H.; Marenzi, G.; Richeldi, L.; Wen, F.Q.; Nicoletti, F.; Calverley, P.M.A. The 

Multifaceted Therapeutic Role of N-Acetylcysteine (NAC) in Disorders Characterized by Oxidative Stress. Curr. Neuropharmacol. 

2021, 19, 1202–1224. https://doi.org/10.2174/1570159X19666201230144109. 

5. De Lizarrondo, S.M.; Gakuba, C.; Herbig, B.A.; Repesse, Y.; Ali, C.; Denis, C.; Lenting, P.; Touzé, E.; Diamond, S.L.; Vivien, D.; 

et al. Potent Thrombolytic Effect of N-Acetylcysteine on Arterial Thrombi. Circulation 2017, 136, 646–660. 

https://doi.org/10.1161/circulationaha.117.027290. 

6. Gibson, K.R.; Winterburn, T.J.; Barrett, F.; Sharma, S.; MacRury, S.M.; Megson, I.L. Therapeutic potential of N-acetylcysteine as 

an antiplatelet agent in patients with type-2 diabetes. Cardiovasc. Diabetol. 2011, 10, 43. https://doi.org/10.1186/1475-2840-10-43. 

7. Wang, B.; Yee Aw, T.; Stokes, K.Y. N-acetylcysteine attenuates systemic platelet activation and cerebral vessel thrombosis in 

diabetes. Redox Biol. 2018, 14, 218–228. https://doi.org/10.1016/j.redox.2017.09.005. 

8. Dludla, P.V.; Nkambule, B.B.; Mazibuko-Mbeje, S.E.; Nyambuya, T.M.; Marcheggiani, F.; Cirilli, I.; Ziqubu, K.; Shabalala, S.C.; 

Johnson, R.; Louw, J.; et al. N-acetyl Cysteine Targets Hepatic Lipid Accumulation to Curb Oxidative Stress and Inflammation 

in NAFLD: A Comprehensive Analysis of the Literature. Antioxidants 2020, 9, 1283. https://doi.org/10.3390/antiox9121283. 

9. Quintavalle, C.; Donnarumma, E.; Fiore, D.; Briguori, C.; Condorelli, G. Therapeutic strategies to prevent contrast-induced acute 

kidney injury. Curr. Opin. Cardiol. 2013, 28, 676–682. https://doi.org/10.1097/HCO.0b013e3283653f41. 

10. Liu, X.-H.; Xu, C.-Y.; Fan, G.-H. Efficacy of N-acetylcysteine in preventing atrial fibrillation after cardiac surgery: A meta-anal-

ysis of published randomized controlled trials. BMC Cardiovasc. Disord. 2014, 14, 52. https://doi.org/10.1186/1471-2261-14-52. 

11. Deepmala; Slattery, J.; Kumar, N.; Delhey, L.; Berk, M.; Dean, O.; Spielholz, C.; Frye, R. Clinical trials of N-acetylcysteine in 

psychiatry and neurology: A systematic review. Neurosci. Biobehav. Rev. 2015, 55, 294–321. https://doi.org/10.1016/j.neubio-

rev.2015.04.015. 

12. Aldini, G.; Altomare, A.; Baron, G.; Vistoli, G.; Carini, M.; Borsani, L.; Sergio, F. N-Acetylcysteine as an antioxidant and disul-

phide breaking agent: The reasons why. Free Radic. Res. 2018, 52, 751–762. https://doi.org/10.1080/10715762.2018.1468564. 

13. Lushchak, V.I. Glutathione Homeostasis and Functions: Potential Targets for Medical Interventions. J. Amino Acids 2012, 2012, 

736837. https://doi.org/10.1155/2012/736837. 

14. Waring, W.S. Criteria for acetylcysteine treatment and clinical outcomes after paracetamol poisoning. Expert Rev. Clin. Pharmacol. 

2012, 5, 311–318. https://doi.org/10.1586/ecp.12.15. 

15. Gosselin, S.; Hoffman, R.; Juurlink, D.N.; Whyte, I.; Yarema, M.; Caro, J. Treating acetaminophen overdose: Thresholds, costs 

and uncertainties. Clin. Toxicol. 2013, 51, 130–133. https://doi.org/10.3109/15563650.2013.775292. 

16. Grinberg, L.; Fibach, E.; Amer, J.; Atlas, D. N-acetylcysteine amide, a novel cell-permeating thiol, restores cellular glutathione 

and protects human red blood cells from oxidative stress. Free Radic. Biol. Med. 2005, 38, 136–145. https://doi.org/10.1016/j.fre-

eradbiomed.2004.09.025. 

17. Turell, L.; Radi, R.; Alvarez, B. The thiol pool in human plasma: The central contribution of albumin to redox processes. Free 

Radic. Biol. Med. 2013, 65, 244–253. https://doi.org/10.1016/j.freeradbiomed.2013.05.050. 



Antioxidants 2022, 11, 445 13 of 14 
 

18. Colombo, G.; Clerici, M.; Giustarini, D.; Rossi, R.; Milzani, A.D.G.; Dalle-Donne, I. Redox Albuminomics: Oxidized Albumin in 

Human Diseases. Antioxid. Redox Signal. 2012, 17, 1515–1527. https://doi.org/10.1089/ars.2012.4702. 

19. Watanabe, H.; Imafuku, T.; Otagiri, M.; Maruyama, T. Clinical Implications Associated with the Posttranslational Modification–

Induced Functional Impairment of Albumin in Oxidative Stress–Related Diseases. J. Pharm. Sci. 2017, 106, 2195–2203. 

https://doi.org/10.1016/j.xphs.2017.03.002. 

20. Arques, S. Serum albumin and cardiovascular disease: State-of-the-art review. Ann. Cardiol. Angeiol. 2020, 69, 192–200. 

https://doi.org/10.1016/j.ancard.2020.07.012. 

21. Jørgensen, K.A.; Stoffersen, E. On the inhibitory effect of albumin on platelet aggregation. Thromb. Res. 1980, 17, 13–18. 

https://doi.org/10.1016/0049-3848(80)90289-3. 

22. Silver, M.; Smith, J.; Ingerman, C.; Kocsis, J. Arachidonic acid-induced human platelet aggregation and prostaglandin formation. 

Prostaglandins 1973, 4, 863–875. https://doi.org/10.1016/0090-6980(73)90121-4. 

23. Lam, F.W.; Cruz, M.A.; Leung, H.-C.E.; Parikh, K.S.; Smith, C.W.; Rumbaut, R.E. Histone induced platelet aggregation is inhib-

ited by normal albumin. Thromb. Res. 2013, 132, 69–76. https://doi.org/10.1016/j.thromres.2013.04.018. 

24. Pasterk, L.; Lemesch, S.; Leber, B.; Trieb, M.; Curcic, S.; Stadlbauer, V.; Schuligoi, R.; Schicho, R.; Heinemann, A.; Marsche, G. 

Oxidized plasma albumin promotes platelet-endothelial crosstalk and endothelial tissue factor expression. Sci. Rep. 2016, 6, 

22104. https://doi.org/10.1038/srep22104. 

25. Bhat, A.; Das, S.; Yadav, G.; Chaudhary, S.; Vyas, A.K.; Islam, M.; Gupta, A.C.; Bajpai, M.; Maiwall, R.; Maras, J.S.; et al. Hyper-

oxidized Albumin Modulates Platelets and Promotes Inflammation Through CD36 Receptor in Severe Alcoholic Hepatitis. 

Hepatol. Commun. 2020, 4, 50–65. https://doi.org/10.1002/hep4.1440. 

26. Coenen, D.M.; Heinzmann, A.C.; Karel, M.F.; Cosemans, J.M.; Koenen, R.R. The multifaceted contribution of platelets in the 

emergence and aftermath of acute cardiovascular events. Atherosclerosis 2021, 319, 132–141. https://doi.org/10.1016/j.atheroscle-

rosis.2020.12.017. 

27. Stamler, J.; Mendelsohn, M.E.; Amarante, P.; Smick, D.; Andon, N.; Davies, P.F.; Cooke, J.P.; Loscalzo, J. N-acetylcysteine po-

tentiates platelet inhibition by endothelium-derived relaxing factor.. Circ. Res. 1989, 65, 789–795. 

https://doi.org/10.1161/01.res.65.3.789. 

28. Anfossi, G.; Russo, I.; Massucco, P.; Mattiello, L.; Balbo, A.; Cavalot, F.; Trovati, M. Studies on Inhibition of Human Platelet 

Function by Sodium Nitroprusside. Kinetic Evaluation of the Effect on Aggregation and Cyclic Nucleotide Content. Thromb. 

Res. 2001, 102, 319–330. https://doi.org/10.1016/s0049-3848(01)00240-7. 

29. Niemi, T.T.; Munsterhjelm, E.; Pöyhiä, R.; Hynninen, M.S.; Salmenperä, M.T. The effect of N-acetylcysteine on blood coagulation 

and platelet function in patients undergoing open repair of abdominal aortic aneurysm. Blood Coagul. Fibrinolysis 2006, 17, 29–

34. https://doi.org/10.1097/01.mbc.0000195922.26950.89. 

30. Nikbakht, M.; Ahmadi, F.; Vaseghi, G.; Talasaz, A.H.; Eshraghi, A.; Naderi, J.; Daneshmehr, M.A. The Role of N-Acetylcysteine 

in Platelet Aggregation and Reperfusion Injury in Recent Years. Curr. Clin. Pharmacol. 2017, 12, 83–91. 

https://doi.org/10.2174/1574884712666170704145842. 

31. Squellerio, I.; Porro, B.; Songia, P.; Veglia, F.; Caruso, D.; Tremoli, E.; Cavalca, V. Liquid chromatography–tandem mass spec-

trometry for simultaneous measurement of thromboxane B2 and 12(S)-hydroxyeicosatetraenoic acid in serum. J. Pharm. Biomed. 

Anal. 2014, 96, 256–262. https://doi.org/10.1016/j.jpba.2014.04.004. 

32. Squellerio, I.; Caruso, D.; Porro, B.; Veglia, F.; Tremoli, E.; Cavalca, V. Direct glutathione quantification in human blood by LC–

MS/MS: Comparison with HPLC with electrochemical detection. J. Pharm. Biomed. Anal. 2012, 71, 111–118. 

https://doi.org/10.1016/j.jpba.2012.08.013. 

33. Altomare, A.; Baron, G.; Brioschi, M.; Longoni, M.; Butti, R.; Valvassori, E.; Tremoli, E.; Carini, M.; Agostoni, P.; Vistoli, G.; et 

al. N-Acetyl-Cysteine Regenerates Albumin Cys34 by a Thiol-Disulfide Breaking Mechanism: An Explanation of Its Extracellu-

lar Antioxidant Activity. Antioxidants 2020, 9, 367. https://doi.org/10.3390/antiox9050367. 

34. Alcaraz-Quiles, J.; Casulleras, M.; Oettl, K.; Titos, E.; Flores-Costa, R.; Duran-Güell, M.; López-Vicario, C.; Pavesi, M.; Stauber, 

R.E.; Arroyo, V.; et al. Oxidized Albumin Triggers a Cytokine Storm in Leukocytes Through P38 Mitogen-Activated Protein 

Kinase: Role in Systemic Inflammation in Decompensated Cirrhosis. Hepatology 2018, 68, 1937–1952. 

https://doi.org/10.1002/hep.30135. 

35. Samuni, Y.; Goldstein, S.; Dean, O.M.; Berk, M. The chemistry and biological activities of N-acetylcysteine. Biochim. Biophys. 

Acta 2013, 1830, 4117–4129. https://doi.org/10.1016/j.bbagen.2013.04.016. 

36. Brioschi, M.; Gianazza, E.; Mallia, A.; Zoanni, B.; Altomare, A.; Fernandez, A.M.; Agostoni, P.; Aldini, G.; Banfi, C. S-Thiolation 

Targets Albumin in Heart Failure. Antioxidants 2020, 9, 763. https://doi.org/10.3390/antiox9080763. 

37. Davlouros, P.; Xanthopoulou, I.; Mparampoutis, N.; Giannopoulos, G.; Deftereos, S.; Alexopoulos, D. Role of Calcium in Platelet 

Activation: Novel Insights and Pharmacological Implications. Med. Chem. 2016, 12, 131–138. 

https://doi.org/10.2174/157340641202160208195923. 

38. Violi, F.; Pignatelli, P. Platelet Oxidative Stress and Thrombosis. Thromb. Res. 2012, 129, 378–381. https://doi.org/10.1016/j.throm-

res.2011.12.002. 

39. Gresele, P.; Deckmyn, H.; Huybrechts, E.; Vermylen, J. Serum albumin enhances the impairment of platelet aggregation with 

thromboxane synthase inhibition by increasing the formation of prostaglandin D2. Biochem. Pharmacol. 1984, 33, 2083–2088. 

https://doi.org/10.1016/0006-2952(84)90577-x. 



Antioxidants 2022, 11, 445 14 of 14 
 

40. Kim, S.B.; Chi, H.S.; Park, J.S.; Hong, C.D.; Yang, W.S. Effect of increasing serum albumin on plasma D-dimer, von Willebrand 

factor, and platelet aggregation in CAPD patients. Am. J. Kidney Dis. 1999, 33, 312–317. https://doi.org/10.1016/s0272-

6386(99)70306-9. 

41. Johansson, M.; Eriksson, A.C.; Östgren, C.J.; Whiss, P.A. Platelet adhesion in type 2 diabetes: Impact of plasma albumin and 

mean platelet volume. Thromb. J. 2021, 19, 1–10. https://doi.org/10.1186/s12959-021-00291-w. 

42. Gibson, K.R.; Neilson, I.L.; Barrett, F.; Winterburn, T.J.; Sharma, S.; MacRury, S.M.; Megson, I.L. Evaluation of the Antioxidant 

Properties of N-acetylcysteine in Human Platelets: Prerequisite for Bioconversion to Glutathione for Antioxidant and Antiplate-

let Activity. J. Cardiovasc. Pharmacol. 2009, 54, 319–326. https://doi.org/10.1097/fjc.0b013e3181b6e77b. 

43. Yeung, J.; Holinstat, M. 12-Lipoxygenase: A Potential Target for Novel Anti-Platelet Therapeutics. Cardiovasc. Hematol. Agents 

Med. Chem. 2011, 9, 154–164. https://doi.org/10.2174/187152511797037619. 

44. Setty, B.N.; Werner, M.H.; Hannun, Y.A.; Stuart, M.J. 15-Hydroxyeicosatetraenoic acid-mediated potentiation of thrombin-in-

duced platelet functions occurs via enhanced production of phosphoinositide-derived second messengers--sn-1,2-diacylglyc-

erol and inositol-1,4,5-trisphosphate.. Blood 1992, 80, 2765–2773. 

45. Fritsch-Decker, S.; Both, T.; Mülhopt, S.; Paur, H.-R.; Weiss, C.; Diabaté, S. Regulation of the arachidonic acid mobilization in 

macrophages by combustion-derived particles. Part. Fibre Toxicol. 2011, 8, 23–23. https://doi.org/10.1186/1743-8977-8-23. 

46. Jamasbi, J.; Ayabe, K.; Goto, S.; Nieswandt, B.; Peter, K.; Siess, W. Platelet receptors as therapeutic targets: Past, present and 

future. Thromb. Haemost. 2017, 117, 1249–1257. https://doi.org/10.1160/th16-12-0911. 

47. Ding, Z.; Kim, S.; Dorsam, R.T.; Jin, J.; Kunapuli, S.P. Inactivation of the human P2Y12 receptor by thiol reagents requires inter-

action with both extracellular cysteine residues, Cys17 and Cys270. Blood 2003, 101, 3908–3914. https://doi.org/10.1182/blood-

2002-10-3027. 

48. Ruggeri, Z.M.; Mendolicchio, G.L. Adhesion Mechanisms in Platelet Function. Circ. Res. 2007, 100, 1673–1685. 

https://doi.org/10.1161/01.res.0000267878.97021.ab. 

49. Moroi, M.; Jung, S.M. Integrin-mediated platelet adhesion. Front. Biosci. 1998, 3, d719–d728. https://doi.org/10.2741/a315. 

50. Bergmeier, W.; Hynes, R.O. Extracellular Matrix Proteins in Hemostasis and Thrombosis. Cold Spring Harb. Perspect. Biol. 2012, 

4, a005132. https://doi.org/10.1101/cshperspect.a005132. 

51. Varga-Szabo, D.; Braun, A.; Nieswandt, B. Calcium signaling in platelets. J. Thromb. Haemost. 2009, 7, 1057–1066. 

https://doi.org/10.1111/j.1538-7836.2009.03455.x. 

52. Görlach, A.; Bertram, K.; Hudecova, S.; Krizanova, O. Calcium and ROS: A mutual interplay. Redox Biol. 2015, 6, 260–271. 

https://doi.org/10.1016/j.redox.2015.08.010. 

53. Giustarini, D.; Milzani, A.; Dalle-Donne, I.; Tsikas, D.; Rossi, R. N-Acetylcysteine ethyl ester (NACET): A novel lipophilic cell-

permeable cysteine derivative with an unusual pharmacokinetic feature and remarkable antioxidant potential. Biochem. Phar-

macol. 2012, 84, 1522–1533. https://doi.org/10.1016/j.bcp.2012.09.010. 

 


