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ABSTRACT
Introduction: Oxidative stress (OS) contributes to platelet storage lesion (PSL) and can be at-
tenuated by using antioxidant additives in the storage solution. N-acetyl cysteine (NAC), a thiol-
containing antioxidant, scavenges reactive oxygen species (ROS) directly, upregulates antioxidant
defenses, and has anti-apoptotic properties. This study explores the effect of the antioxidant ad-
ditive NAC on platelets during storage. Methods: Platelets obtained from the blood of male Wis-
tar rats (n = 5) were resuspended in SSP+ and divided into i) Controls, ii) 0.5-NAC, and iii) 1-NAC;
stored at 22◦C for 11 days. The markers of platelet function (aggregation, ATP secretion, P-selectin),
viability (caspase-3, MTT), OS (superoxides, nitrites), lipid peroxidation (thiobarbituric reactive sub-
stances), protein oxidation (protein sulfhydryls, advanced oxidation protein products), antioxidant
defenses (superoxide dismutase, catalase, glutathione, total antioxidant capacity), and metabolism
(pH, glucose, lactate dehydrogenase) were analyzed on storage days 1, 4, 7, and 11. Results: 1-
NAC augmented antioxidant defenses, improved viability, and decreased protein oxidation, lipid
peroxidation, and platelet activation. Aggregation without collagen decreased in 0.5-NAC and 1-
NAC compared to controls. Both 0.5-NAC and 1-NAC were effective in maintaining platelet func-
tions during storage. However, 1-NAC protected platelets from oxidation, enhanced antioxidant
defenses, andmaintained viability until day 7 of storage. 1-NAC could effectively scavenge ROS and
enhance GSH and antioxidant enzymes in comparison to 0.5-NAC. Conclusion: N-acetyl cysteine
at 1 mM concentration in SSP+ could maintain the efficacy of platelets as these cells could endure
OS until day 7 of storage. This study emphasizes the potential of NAC as an effective component
of platelet storage solutions to prolong the shelf-life of platelets.
Key words: Blood Banking, Blood Platelets, Transfusion, Platelet Storage Solutions, Antioxidants,
Oxidative Damage, Platelet Activation

INTRODUCTION
Platelets stored in plasma beyond 5 days develop le-
sions, rendering them unsuitable for transfusion1.
Platelet additive solutions (PAS), developed during
the 1980s2,3, have aided in reducing the ratio of
plasma content, thereby mitigating storage lesions
and prolonging the shelf life of stored platelets1. SSP+
or PAS-E (69 mM sodium chloride, 5 mM potassium
chloride, 6.7 mM sodium dihydrogen phosphate, 21.5
mM disodium hydrogen phosphate, 1.5 mM mag-
nesium chloride, 30 mM sodium acetate, 11 mM
trisodium citrate; pH – 7.2) has proven to maintain
the in vitro quality of stored platelets and has extended
their shelf life to 9 days4,5. The potency of PAS in
improving viability is still unclear, although there are
promising results in terms of platelet function and
quality. This limitation can be minimized by optimiz-
ing the formulations of PAS6.

Oxidative stress (OS) is a major causative factor
of storage lesions. Antioxidant additives such as
resveratrol7,8 , L-carnitine9,10 , and trehalose11 have
proven to alleviate OS and improve the efficacy of
stored platelets. N-acetyl cysteine (NAC) is a thiol-
containing antioxidant that acts as a glutathione pre-
cursor10 and upregulates enzymatic antioxidant de-
fenses12. It has anti-apoptotic properties and re-
duces platelet activation due to its ability to directly
scavenge reactive oxygen species (ROS)13. There are
only two studies that have focused on the effect of
NAConplatelet function andquality during cold stor-
age. Handigund et al. reported that NAC at a 50
mM concentration could reduce platelet activation
and metabolic activity in human platelets during cold
storage for 5 days14. However, 50 mM NAC, being
a much higher concentration, could affect platelets
through the alkalization of pH. Hegde et al. revealed
that ROS generated during prolonged cold storage of
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human platelets was inhibited by 1 mM NAC. More-
over, NAC could increase platelet recovery by pre-
venting its clearance in thrombocytopenic mice post-
transfusion15. Hosseini et al. studied only activation,
apoptosis, and viability in human platelets stored in
PAS-E with NAC for 7 days at 22-24◦C16. There are
limited studies that evaluate the effects of NAC on
oxidative stress and antioxidant defenses in platelets
during storage at 22◦C. The impact of NAC on redox
status and antioxidant defense mechanisms needs to
be investigated. Wistar rats were used for this study in
order to gain insights into the mechanisms of platelet
physiology. The ultrastructural cellular features of rat
and human platelets are similar. The receptors on the
platelet membrane are similar in both; however, there
might be minimal variations in their responses due to
distribution differences in rat platelets17.
Thus, this study aims to assess the oxidative modu-
lations influenced by NAC on rat platelets stored in
SSP+ (PAS-E). This is the first study to investigate the
interaction between OS and antioxidant defenses in
response to NAC during platelet storage.

METHODS
This study was conducted in accordance with the
regulations of the institutional ethical committee
(1810/PO/RcBiBt/S/15/CPCSEA).

Chemicals
N-acetyl cysteine and 5,5′-dithiobis-2-nitrobenzoic
acid (DTNB) were purchased from Sigma-Aldrich
(Mumbai, India). Collagen and Cytochrome C
were obtained from SRL Chemicals (Mumbai,
India). The 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent was
from HiMedia (Mumbai, India). P-selectin (Cat
no. KLR2228) and Caspase-3 (Cat no. KLR1648)
kits were obtained from KRISHGEN Biosystems
(Mumbai, India). The glucose kit was from AutoSpan
Gold kit, Arkray (Mumbai, India). All other chem-
icals used were of analytical grade, and the organic
solvents were of spectral grade.

Experimental Design
Blood was collected frommaleWistar rats (4-month-
old) and platelets were isolated and resuspended in
SSP+. Platelets were divided into 3 groups (n = 5): i)
Controls: SSP+, ii) 0.5-NAC: 0.5 mM NAC in SSP+,
and iii) 1-NAC: 1 mM NAC in SSP+; and stored in
polypropylene tubes at 22◦C for a period of 11 days.
Markers of platelet functions, viability, metabolism,
oxidative stress, and antioxidant defenses were ana-
lyzed on days 1, 4, 7, and 11 of storage.

Blood Sampling and Platelet Isolation
Male Wistar rats (4 months old) were anesthetized
and restrained in dorsal recumbency. Blood from
male Wistar rats (4 months old) was carefully aspi-
rated from the heart into collection tubes with CPDA-
1 (citrate phosphate dextrose adenine)18 and cen-
trifuged at 1500 rpm for 15minutes at room tempera-
ture. The platelet-rich plasma obtained was then cen-
trifuged at 4000 rpm for 15minutes at 22◦C19. The re-
sulting platelet pellet was gently resuspended in SSP+
(pH 7.4).

Platelet Function and Viability
Platelet Aggregation: Platelets were incubated with
and without collagen (2.0 µg/ml) at 37◦C. The ab-
sorbance was measured at 405 nm20.
ATP Secretion: Platelets were incubated at 37◦C with
collagen (2.0 µg/ml) and treated with 1.2 M perchlo-
ric acid. The absorbance was read at 260 nm and the
amount of adenine nucleotides was calculated using
an ATP standard21.
Platelet Activation (P-selectin): P-selectin (marker of
activation) in the stored platelets wasmeasured quan-
titatively by the sandwich ELISA method using the
Rat P-selectin GENLISATM ELISA kit according to
the manufacturer’s instructions. The absorbance was
measured at 450 nm.
Platelet Apoptosis (Caspase-3): Caspase-3 (marker
of apoptosis) in the platelets was measured quantita-
tively by the sandwich ELISA method using the Rat
CASP3GENLISATM ELISA kit according to theman-
ufacturer’s instructions. The absorbance was mea-
sured at 450 nm.
Cell Viability: Platelets along with the MTT reagent
(0.5 mg/ml) were incubated for 4 hours at 37◦C.
Dimethyl sulfoxide was added and incubated
overnight at 37◦C. Absorbance was measured at 570
nm22.
Protein: Protein concentration in platelets was deter-
mined according to Lowry et al.23

Antioxidant status
Superoxide Dismutase (SOD, EC 1.15.1.1): Carbon-
ate buffer (0.05 M; pH 10.2; 0.1 mM EDTA) was
added to platelets, followed by epinephrine, and the
absorbance was measured at 480 nm. The SOD ac-
tivity was expressed as the amount of enzyme that in-
hibits oxidation of epinephrine by 50%, which is equal
to 1 unit24.
Catalase (CAT, EC 1.11.1.6): Platelets were treated
with absolute ethanol and incubated in an ice bath for
30 minutes. After incubation, phosphate buffer and
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0.066 M hydrogen peroxide were added and the ab-
sorbance was measured at 240 nm25. The catalase ac-
tivity was determined using the molar extinction co-
efficient 43.6 M cm−1.
Glutathione: Platelets were treated with 4% sulfosali-
cylic acid, vortexed, and centrifuged at 2500g for 15
minutes. The supernatant was treated with 10 mM
DTNB and the absorbance was read at 412 nm26.
Total Antioxidant Capacity (TAC): Platelets were
treated with bathocuproinedisulfonic acid disodium
salt (0.25 mM) and absorbance was measured at 490
nm. The CuSO4 solution (0.5 mM) and EDTA solu-
tion (0.01M)were added and the final absorbancewas
measured27. Uric acid was used as the standard.

Lipid peroxidation
Thiobarbituric Acid Reactive Substances (TBARS):
Platelets treated with 20% cold trichloroacetic acid in
0.6MHClwere centrifuged and 0.12M thiobarbituric
acid was added to the supernatant. The samples were
incubated in a boiling water bath and the absorbance
was read at 532 nm28.

Protein oxidation
Advanced Oxidation Protein Products (AOPP):
Platelets were treated with isotonic phosphate buffer,
1.16 M potassium iodide, and glacial acetic acid. The
absorbance was measured at 340 nm29. The amount
of AOPPwas estimated using an extinction coefficient
of 26 mM−1 cm−1.
Protein Sulfhydryls: Platelets were treated with
sodium phosphate buffer (0.08M) containing sodium
ethylenediaminetetraacetic acid (Na2-EDTA) (0.5
mg/mL) and sodiumdodecyl sulfate (2%). DTNBwas
added and the color developed was measured at 412
nm30. The amount of sulfhydryls was calculated us-
ing the molar absorptivity of 13,600 M−1 cm−1.

Oxidative stress
Superoxides: Platelets were incubated with 200 µ l cy-
tochrome C (160 µM) at 37◦C.The cytochrome C re-
duction was measured spectrophotometrically at 550
nm31.
Nitrites: Platelets were treated with Griess reagent
and incubated in the dark at room temperature. The
absorbance was measured at 548 nm. Sodium nitrite
was used as the standard to determine the amounts of
nitrites32.

Platelet metabolism
pH: The pH in the platelet samples was determined
using Fisher Scientific pH strips33.

Glucose: Glucose in the platelets was measured by the
glucose oxidase-peroxidase (GOD-POD) method ac-
cording to the manufacturer’s instructions. The ab-
sorbance was measured at 546 nm34.
LactateDehydrogenase (LDH,EC1.1.1.27): Platelets
were treated with amixture of Reagent 1 (Tris, NaOH,
and pyruvate) and Reagent 2 (Nicotinamide adenine
dinucleotide) and incubated at 37◦C.The absorbance
was measured at 340 nm35.

Statistical Analyses

The results are represented as Mean± standard error
(SE) (n = 5). Two-way analysis of variance (ANOVA)
was performed between the groups (storage days)
and sub-groups (between the controls and antioxi-
dant groups) followed by Bonferroni post hoc test
using GraphPad Prism-8 Software. The results were
considered significant at p < 0.05. Pearson’s correla-
tion was also calculated.

RESULTS
Results are depicted as i) variations between the stor-
age days (groups) and ii) variations between the con-
trols, 0.5-NAC, and 1-NAC (sub-groups) on a partic-
ular day of storage.

Platelet FunctionMarkers

Aggregation

With collagen: The variations were similar during
storagewith respect to day 1 in controls, 0.5-NAC, and
1-NAC (Figure 1A). Aggregation was similar on each
storage day between controls, 0.5-NAC, and 1-NAC.
Without collagen: Aggregation increased by 130% (p
< 0.01) on day 4 and 250% (p < 0.0001) on day 7 com-
pared to day 1 and normalized to day 4 levels on day
11 in controls. Aggregation was maintained through-
out storage in 0.5-NAC and 1-NAC. Aggregation de-
creased by 50% (p < 0.0001) in 0.5-NAC and 1-NAC
compared to controls on day 7 (Figure 1 B).

ATP Secretion

ATP secretion peaked on day 4 by 70% (p < 0.05) and
further decreased by 50% (p < 0.01) on days 7 and 11
in controls. ATP secretion declined by approximately
45% on day 7 (p < 0.01) and day 11 (p < 0.05) in 0.5-
NAC, whereas it decreased by 50% (p < 0.05) on day 7
in 1-NAC with respect to day 4 (Figure 1C). ATP se-
cretion was similar on each storage day between con-
trols, 0.5-NAC, and 1-NAC.
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Figure 1: Function and viability of platelets stored with N-acetyl cysteine (NAC). (A) Aggregation with colla-
gen, (B) Aggregation without collagen, (C) ATP secretion, (D) Platelet activation (P-selectin), (E) Platelet apoptosis
(Caspase-3), (F) Platelet viability. Values are expressed as mean ± standard error (SE) of five animals per group.
Two-way ANOVA was performed between the groups (Storage days) and sub groups (controls and antioxidant
concentrations) followed by Bonferroni’s post hoc test, using Graph Pad Prism-8 software. P<0.05was considered
significant. *Represents significant changes between the groups with respect to day 1. #Represents significant
changes between the groups with respect to day 4. @Represents significant changes in antioxidant sub-groups
with respect to controls. +Represents significant changes in 1-NAC with respect to 0.5-NAC.

Platelet Activation (P-selectin)

P-selectin peaked on day 4 by 150% (p < 0.0001)
and reduced by approximately 65% (p < 0.0001) on
days 7 and 11 in controls. 0.5-NAC showed incre-
ments of 125% (p < 0.0001) on day 4 and declined
by approximately 60% (p < 0.0001) on days 7 and
11. P-selectin was maintained throughout storage in
1-NAC. P-selectin declined by 80% (p<0.0001) in 1-
NAC compared to controls and 0.5-NAC on day 4

(Figure 1D).

Platelet Viability and Quality

Platelet Apoptosis (Caspase-3)
The variations in Caspase-3 levels were similar during
storagewith respect to day 1 in controls, 0.5-NAC, and
1-NAC. Caspase-3 decreased by approximately 60%
(p < 0.01) in 1-NAC compared to 0.5-NAC (on days
1, 4, 7) and controls (on day 4) (Figure 1E).
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Cell Viability
Controls exhibited decrements of approximately 55%
(p < 0.05) and approximately 85% (p < 0.0001) on days
7 and 11 respectively, compared to days 1 and 4. Vi-
able platelets decreased by 50% (p < 0.001) and 90% (p
< 0.0001) on days 7 and 11 compared to day 1 in 0.5-
NAC. 1-NAC showed decrements of 30% (p < 0.05)
on days 4 and 7 and 75% (p < 0.0001) on day 11 com-
pared to day 1 in 1-NAC (Figure 1 F). The variations
in platelet viability were similar on each storage day
between controls, 0.5-NAC, and 1-NAC.

Antioxidant Defenses

Superoxide Dismutase (SOD)
SOD increased by 1-fold (p < 0.05) on day 4 compared
to day 1 and further decreased by approximately 75%
(p < 0.01) on days 7 and 11 in controls. SOD declined
by approximately 88% (p < 0.05) on days 7 and 11
compared to day 1 in 0.5-NAC. 1-NAC showed eleva-
tions of 7-fold (p < 0.0001) on day 4 compared to day
1 which further declined by approximately 85% (p<
0.001) on days 7 and 11. 1-NAC exhibited increments
of 1-fold and 3-fold (p < 0.0001) compared to controls
and 0.5-NAC, respectively, on day 4 (Figure 2A).

Catalase
Variations in catalase were similar during storage
with respect to day 1 in controls (3.72 U×10−4/
mg protein) and 0.5-NAC (6.85 U×10−4/ mg pro-
tein). Catalase remained constant at approximately
4.15 U×10−4/ mg protein until day 7 and decreased
by 45% on day 11 in 1-NAC.

Glutathione (GSH)
GSH increased by 4-fold (p < 0.0001) on day 4 com-
pared to day 1 and further decreased by approximately
50% (p < 0.05) on days 7 and 11 in controls. GSH in-
creased by 125% on day 4 and normalized on days 7
and 11 to day 1 levels. 1-NAC exhibited increments
of 1-fold (p < 0.0001) on day 4 compared to day 1
and further declined by 65% (p < 0.0001) on days 7
and 11. 1-NAC exhibited increments of 1-fold (p <
0.0001) compared to controls and 0.5-NAC, respec-
tively, on day 4 (Figure 2B).

Total Antioxidant Capacity (TAC)
TAC was maintained throughout storage in controls.
TACpeaked by 40% in 0.5-NACandby 50% in 1-NAC
on day 7 compared to day 1 and normalized to day 4
levels on day 11, respectively. TAC increased by 60%
(p < 0.01) in 1-NAC compared to controls on day 7
(Figure 2C).

Protein Oxidation

Advanced Oxidation Protein Products
(AOPP)
AOPP peaked on day 11 by 60% (p < 0.05) compared
to days 1 and 4 in controls. AOPP decreased by ap-
proximately 45% on day 4 and further increased by
approximately 200% (p < 0.05) on day 11 in 0.5-NAC,
whereas it wasmaintained in 1-NAC throughout stor-
age. AOPP increased by 1-fold (p < 0.05) in 1-NAC
compared to 0.5-NAC on day 4 (Figure 3A).

Protein Sulfhydryls (SH)
SH decreased by 65% (p < 0.05) on day 4 compared to
day 1 and normalized on days 7 and 11 to day 1 levels
in controls. 0.5-NAC showed decrements of approxi-
mately 60% (p < 0.01) on days 4, 7, and 11 compared
to day 1, whereas SH increased by 1-fold (p < 0.01) on
day 4 compared to day 1 and further declined by ap-
proximately 35% on days 7 and 11 in 1-NAC. 1-NAC
exhibited increments of 3-fold and 1-fold (p < 0.001)
compared to controls and 0.5-NAC, respectively, on
day 4 (Figure 3B).

Lipid Peroxidation

Thiobarbituric Acid Reactive Substances
(TBARS)
TBARS decreased by 55% (p < 0.001) on day 11 com-
pared to day 1 in controls. The variations in TBARS
were similar to day 1 in 0.5-NAC, whereas it declined
by 75% (p < 0.05) on day 11 compared to day 1 in 1-
NAC (Figure 3C). TBARS were maintained on each
storage day between controls, 0.5-NAC, and 1-NAC.

Oxidative Stress

Superoxides
Variations in superoxides were similar to day 1 (0.107
± 0.03 mM mg/protein) in controls. Superoxides
remained constant until day 7 and declined by 30%
on day 11 compared to day 1 (0.201 ± 0.02 mM
mg/protein) in 0.5-NAC. Superoxides peaked on day
4 by 1-fold, normalized to day 1 levels (0.04 ± 0.007
mMmg/protein) on day 7, and increased by 1-fold on
day 11 in 1-NAC. Superoxides declined by 75% (p <
0.01) in 1-NAC compared to 0.5-NAC (0.201 ± 0.04
mMmg/protein) on day 7.

Nitrites
Nitrites peaked on day 7 by 4-fold (p < 0.0001) and
normalized on day 11 to day 1 levels (0.2 ± 0.07
mM/mg protein) in controls. Nitrites increased by
68% on day 4, normalized on day 7 to day 1 levels
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Figure 2: Antioxidant defenses in platelets stored with N-acetyl cysteine (NAC). (A) Superoxide dismutase,
(B) Glutathione, (C) Total antioxidant capacity. Values are expressed as mean± standard error (SE) of five animals
per group. Two-way ANOVA was performed between the groups (Storage days) and sub groups (controls and
antioxidant concentrations) followedby Bonferroni’s post hoc test, usingGraph Pad Prism-8 software. P < 0.05was
considered significant. *Represents significant changes between the groups with respect to day 1. #Represents
significant changes between the groups with respect to day 4. @Represents significant changes in antioxidant
sub-groups with respect to controls. +Represents significant changes in 1-NAC with respect to 0.5-NAC.

Figure 3: Oxidative stress in platelets stored with N-acetyl cysteine (NAC). (A) Advanced oxidation protein
products, (B) Protein sulfhydryls, (C) Thiobarbituric acid reactive substances. Values are expressed as mean ±
standard error (SE) of five animals per group. Two-way ANOVAwas performed between the groups (Storage days)
and sub groups (controls and antioxidant concentrations) followed by Bonferroni’s post hoc test, using Graph
Pad Prism-8 software. P < 0.05 was considered significant. *Represents significant changes between the groups
with respect to day 1. #Represents significant changes between the groups with respect to day 4. @Represents
significant changes in antioxidant sub-groups with respect to controls. +Represents significant changes in 1-NAC
with respect to 0.5-NAC.

(0.446 ± 0.04 mM/mg protein), and further declined
by 70% on day 11 in 0.5-NAC. 1-NAC exhibited ele-
vations of 10-fold on day 4 and normalized on day 11
to day 1 levels (0.038 ± 0.005 mM/mg protein). Ni-
trites declined by 60% (p < 0.05) in 1-NAC compared
to controls (1.03± 0.25 mM/mg protein) on day 7.

Metabolic Markers

pH

The changes in pH during storage were similar dur-
ing storage in all the sub-groups. pH decreased from
7 on day 1 to 6.6 on day 11 in controls, whereas it
was maintained at approximately 7 in 0.5-NAC and
1-NAC throughout storage.

Glucose

Glucose significantly decreased on days 4, 7, and 11 in
all the subgroups - controls by approximately 90% (p <
0.0001), 0.5-NAC by approximately 90% (p < 0.0001),
and 1-NAC by approximately 85% (p < 0.001) com-
pared to day 1 (Table 1). Glucose was maintained on
each storage day between controls, 0.5, and 1-NAC.

Lactate Dehydrogenase (LDH)

LDH decreased by 65% on day 7 and normalized on
day 11 to day 1 levels in controls. 0.5-NAC exhibited
decrements of 75% (p < 0.05) on day 4 and 68% (p <
0.01) on day 11 compared to day 1. LDH increased on
day 4 by 140% and normalized on day 11 to day 1 lev-
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Table 1: Metabolism in platelets stored with N-acetyl cysteine (NAC)

Storage period (days) Sub-groups Glucose
(mM/ L)

Lactate dehydrogenase (U*10−6/
mg protein)

Control 14.86± 2.12 28.88± 6.28

0.5-NAC 18.03± 1.3 16.68± 2.72

1-NAC 12.33± 4.2 14.55± 2.44

4
Control 0.55± 0.07* 17.04± 4.88

0.5-NAC 1.27± 0.35* 9.68± 2.30*

1-NAC 1.68± 0.14* 26.7± 2.60

Control 1.55± 0.25* 10.46± 1.47

0.5-NAC 1.31± 0.2* 13.04± 3.32

1-NAC 1.35± 0.35* 8.23± 2.12

11

Control 2.62± 0.46* 24.0± 5.58

0.5-NAC 1.4± 0.23* 8.21± 0.72*

1-NAC 1.90± 0.2* 19.4± 3.03

Values are expressed as mean± standard error (SE) of five animals per group. Two-way ANOVAwas performed between the groups (Storage
days) and sub groups (controls and antioxidant concentrations) followed by Bonferroni’s post hoc test, using Graph Pad Prism-8 software. P <
0.05 was considered significant. *Represents significant changes between the groups with respect to day 1.

els in 1-NAC (Table 1). The variations in LDH were
similar on each storage day between controls, 0.5, and
1-NAC.
To summarize, 0.5- and 1-NAC could preserve
platelet function compared to controls by reducing
P-selectin and aggregation without collagen. How-
ever, 1-NAC could augment protein sulfhydryls and
antioxidant defenses such as SOD andGSH and lower
superoxide levels, thereby increasing the total antiox-
idant capacity compared to controls and 0.5-NAC. 1-
NAC couldmaintain the viability of platelets until day
7 as observed in caspase levels.

DISCUSSION
Storage lesions lead to diminished platelet function,
thereby affecting the quality of stored platelets. An-
tioxidant additives can be beneficial, as oxidative
stress (OS) overwhelms the endogenous antioxidant
defenses of platelets during storage. N-acetylcysteine
(NAC), a potential antioxidant, was employed as an
additive in SSP+ to explore the response of platelets.
Platelets respond to agonists (such as collagen and
thrombin) leading to their activation, causing aggre-
gation and releasing secondary messengers such as
ATP, which eventually form a stable clot in vivo36.
During storage, premature activation of platelets
causes aggregation without the involvement of ag-
onists, thus decreasing their quality. Platelets are
activated at higher levels of reactive oxygen species

(ROS)37. This was evident in P-selectin (CD62P, a
marker of platelet activation), which is proportional
to aggregation without an agonist (collagen) on days
4 and 7 in controls. P-selectin was lower in 1-NAC
compared to 0.5-NAC, indicating that 1-NAC could
scavenge ROS until the end of storage and thereby in-
fluence platelet activation. This is in accordance with
the results of Hosseini et al., where platelets treated
with NAC at a 1 mM concentration for 5 days exhib-
ited lower P-selectin expression16. NAC has an anti-
aggregatory effect on platelets, which is evidenced by
decreased aggregation without collagen in the antiox-
idant groups on day 7 compared to controls. ATP
released during activation is converted by adenylate
cyclase to cAMP, which is required for platelet func-
tional responses. Low ATP levels facilitate aggrega-
tion responses38. Thus, aggregation in response to
collagen was maintained during storage in all groups
due to lower ATP levels.
Apoptosis induced by OS is one of the key factors
for platelet storage lesions. NAC prevents apoptosis
by modulating ROS such as superoxides (O2·) and
hydrogen peroxide (H2O2)39. Caspase-3, a marker
of apoptosis, and superoxides were maintained in 1-
NAC (r = 0.728) due to the scavenging effect of NAC.
Caspase-3 levels were lower in 1-NAC than in controls
and 0.5-NAC. This was also evidenced by higher via-
bility in 1-NAC (Caspase-3 vs. cell viability in 1-NAC,
r = -0.7).

1

7
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NAC scavenges ROS such as hydrogen peroxide
(H2O2), superoxide (O2·), hydroxyl (·OH), and ni-
trite (·NO2) radicals directly; and upregulates antioxi-
dant enzymes such as SOD, CAT, and glutathione per-
oxidase (GPx). Also, NAC acts as a precursor of GSH
by providing cysteine moieties, leading to increased
GSH levels13,40. This was evident in the results of an-
tioxidant defenses in 1-NAC. 1-NAC enhanced SOD
andGSH on day 4. Antioxidant enzymes significantly
increased on day 4, resulting in decrements in ROS,
leading to lower SOD and GSH levels on days 7 and
11. The scavenging activity of 1-NAC is reflected in
superoxide and nitrite levels, as they decreased on day
7 compared to controls. This also resulted in higher
total antioxidant capacity on day 7 in 1-NAC. SOD
and GSH were maintained in 0.5-NAC, whereas 1-
NAC was beneficial as it augmented antioxidant en-
zymes, thereby delaying the onset of OS.
NAC, being a precursor of GSH, has aided in the re-
plenishment of SH groups as revealed by elevations
in SH on day 4 in 1-NAC (GSH vs SH, r = 0.8).
AOPP levels were maintained throughout storage.
Thus, 1-NAC could protect the proteins from oxida-
tion throughout storage. However, 0.5-NACwas ben-
eficial until day 7 in terms of AOPP, whereas it could
not prevent SH from oxidation from day 4. TBARS,
an index of lipid peroxidation, significantly decreased
in 1-NAC on day 11, whereas it was maintained in
0.5-NAC throughout the storage period. NAC di-
rectly scavenges highly reactive hydroxyl radicals and
serves as a substrate for the resynthesis of GSH41,42.
GSH plays an important role in protecting membrane
lipids, thereby minimizing lipid peroxidation. Hence,
0.5- and 1-NAC have protected the membrane lipids
from oxidative attack.
Platelets metabolize glucose to fulfill their energy re-
quirements, which affects the pH leading to cellu-
lar damage. Glucose significantly decreased through-
out storage in all groups, although the pH was main-
tained. SSP+ contains acetate, which serves as a
secondary metabolite, providing a buffering effect,
thereby maintaining the pH and LDH.
Major changes were observed on day 4 of the storage
period as shown in the results for P-selectin, SOD, and
GSH. Hence, day 4 could be a crucial period in terms
of platelet storage and a major indicator of the quality
of stored platelets. This was evidenced in the SOD re-
sults of controls, as it increased on day 4, which can
be attributed to antioxidant defenses in the plasma
component of SSP+. However, on day 11, there was a
decrease in viable cells, which is reflected in lower P-
selectin, SOD, GSH, and TBARS in both controls and
experimentals. Thus, NAC in SSP+ could maintain

the efficacy of platelets, as these cells could endure OS
until day 7 of storage.
This study provides new avenues to enhance the ef-
ficacy of stored platelets, develop better storage solu-
tions, and serves as a basis for post-transfusion studies
for clinical practice.
Animal models are used due to minimal variations in
genetics, age, diet, and microenvironment. Thus, the
outcome can be related to the interventions in the ex-
perimental design. The present study was conducted
on rat platelets in order to gain insights into themech-
anisms of platelet physiology. Thus, further post-
transfusion studies are required for investigations in
human samples.

CONCLUSIONS
0.5-NAC and 1-NAC were effective in maintaining
platelet functions during storage. However, 1-NAC
exhibited greater potential in protecting platelets
from oxidative damage, augmenting endogenous an-
tioxidant defenses, and maintaining platelet viability
until day 7 of storage. Hence, N-acetyl cysteine at
a 1 mM concentration as an additive in SSP+ could
maintain the efficacy of platelets and protect them
from oxidative modifications. This study emphasizes
the potential of NAC as an effective component of
platelet storage solutions in prolonging the shelf-life
of platelets. Antioxidants as additives have the po-
tential to improve platelet efficacy. Validations with
post-transfusion studies can lead to the development
of better storage solutions.
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