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Platelet transfusion is a life-saving therapy to prevent bleeding; however, the availability of platelets for transfusion is limited by
the markedly short shelf life owing to the development of platelet storage lesions (PSLs). The mechanism of PSLs remains obscure.
Dissection of the intracellular biological changes in stored platelets may help to reduce PSLs and improve platelet transfusion
efficiency. In the present study, we explore the changes of stored platelets at room temperature under constant agitation. We
found that platelets during storage showed an increased reactive oxygen species (ROS) generation accompanied with receptor
shedding, apoptosis, and diminished platelet aggregation. ROS scavenger reduced platelet shedding but also impaired platelet
aggregation. Autophagy is a conserved catabolic process that sequesters protein aggregates and damaged organelles into
lysosomes for degradation and platelets’ own intact autophagic system. We revealed that there exist a stable autophagic flux in
platelets at the early stage of storage, and the autophagic flux in platelets perished after long-term storage. Treatment stored
platelets with rapamycin, which stimulates autophagy in eukaryotic cells, markedly ameliorated PSLs, and improved platelet

aggregation in response to extracellular stimuli.

1. Introduction

Platelets are short-lived (7-10 days) circulating anucleate
cells [1], and they play major roles in hemostasis, maintain-
ing vascular integrity, and participate in immune response
[2]. Low platelet counts may be achieved by multiple causes,
like autoimmune thrombocytopenia, chemotherapy, radio-
therapy, genetic disorder, surgery, and trauma caused blood
loss, and platelet transfusion is widely used in clinical prac-
tices for patients with low platelet counts to reduce bleeding
risk. Platelets for transfusion are usually stored in a blood
bank at room temperature under constant agitation. How-
ever, limited shelf life of transfused platelets (<5 days) caused

seasonal shortages or waste of outdated products. Stored
platelets were damaged by deleterious intracellular and extra-
cellular changes (e.g., lactic acid accumulation [3], desialyla-
tion [4], PKA-dependent apoptosis [5], and altered ATP
generation [6]), which are referred as platelet storage lesions
(PSLs). GPIba, GPVI, CD40, and P-selectin are receptors
that fall during platelet storage at room temperature [7].
Importantly, GPVI and GPIb-IX-V are both important
receptors involved in platelet activation, and sheddase-
mediated loss of platelet receptors reduces the recovery rate
and longevity of transfused platelets [7-9].

Reactive oxygen species (ROS) is a variety of oxygen-
containing, reactive, and short-lived molecules, such as
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superoxide anion (0%), hydroxyl radicals (OH), nitric oxide
(NO), and hydrogen peroxide (H,0,) [10]. Inflated cellular
ROS generation results in severe damage to DNA, proteins,
lipids, and other macromolecules [11]. In addition, ROS
may also serve as signal transduction messengers [12].
Recently, multiple studies support the importance of ROS in
platelet activation and thrombosis formation [13-15], while
imbalanced intracellular ROS during platelet storage has also
been reported to be associated with PSLs in both reversible
and irreversible ways [16, 17]. Increased ROS in stored plate-
lets may lead to apoptosis [18, 19], P-selectin and CD40
ligand expression, and granule release [20], consistent with
the positive regulation of ROS during platelet activation.

Autophagy is one of the major degradation pathways in
eukaryotes, characterized by the formation of a double-
membrane vesicle to engulf cellular proteins and organelles
into lysosomes. Cellular autophagy is constitutively present
and could be dramatically induced by environment stress,
such as deprivation of nutrients, hypoxia, and compound
challenging. Autophagy mediated cellular material recycling,
and elimination of damaged organelles sustains intracellular
homeostasis [21]. Even though previous studies on autoph-
agy mainly focus on karyotes, Feng et al. reported that
autophagy constitutively presents in anucleate platelets,
and it can be induced by hunger or rapamycin (a specific
inhibitor of mTORCI1) [22]. Ouseph et al. confirmed the
existence of autophagy flux in resting and activated platelets,
and their data also implied that the autophagic flux might be
altered in banked human platelets [23]. However, the
dynamic change of autophagic flux during platelet storage
and the relationship between autophagy and ROS-induced
PSLs remain obscure.

In the present study, we revealed that stored platelets
showed an increased ROS generation, receptor shedding,
and apoptosis. Autophagy is constitutively and inductively
present in stored platelets, and there exists a stable but
slowly decayed autophagic flux during platelet storage,
which finally perished in stored platelets. Manipulating
autophagy flux by rapamycin reduces platelet ROS genera-
tion and receptor shedding. Moreover, rapamycin improves
platelet aggregation in response to extracellular stimuli. The
present study on autophagic flux changes during platelets
storage may deepen our understanding on the mechanism
of PSLs and optimize platelet storage conditions.

2. Materials and Methods

2.1. Materials. Collagen and ADP for platelet aggregation
were from Chrono-Log (Havertown, PA, USA). Rapamycin
and bafilomycin were from MCE (Monmouth Junction,
NJ, USA). Antibody for LC3 was from Sigma (St. Louis,
MO, USA). Antibodies for p62/SQSTM1 and f-actin were
from Cell Signaling Technology (Beverly, MA, USA).
Annexin V-FITC and antibody for human CD42b-FITC,
GPVI-PE, CD41-PE, and CD61-FITC were from BD Biosci-
ences (Franklin Lakes, NJ, USA). H2DCF-DA was from
Invitrogen™ (Carlsbad, CA, USA). Enhanced chemilumi-
nescence (ECL) for western blotting detection was from
Millipore (Burlington, MA, USA).
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2.2. Platelet Storage Condition. Human PRP (platelet-rich
plasma) was collected as previously described [24]. Briefly,
whole blood was collected into a 3.8% sodium citrate tube,
from blood donors with a written informed consent in
accordance with the Declaration of Helsinki, then centri-
fuged at 150 x g for 20 minutes; PRP were collected into
new tubes. All procedures were conducted in a clean bench
to avoid contamination. PRP was stored at room temperature
in Permalife cell culture bag (OriGen Biomedical, Austin,
TX, USA) on a rocking agitator with continuous agitation.
Pharmacological intervention (NAC 5mM, rapamycin
50 nM, or bafilomycin 100 nM) was added before storage.

2.3. Experimental Design. A flow chart has been present in
Figure 1. Briefly, platelets were assigned into 4 groups; vehi-
cle, NAC, rapamycin, or bafilomycin was added into fresh
isolated platelet-rich plasma (PRP) before the storage began.
For each group at corresponding storage time (2h, 24h,
48h, 72h, 96 h, and 120h), PRP is divided into 4 parts for
sample collections:

(1) PRP (400uL): PRP is incubated with NH,CI
(20 mM) for 1 h; then, washed platelets were isolated
and lysed with lysis buffer

(2) PRP (400 uL): washed platelets were isolated and
lysed with lysis buffer directly

(3) 3PRP (=600 uL): PRP (300 L) was challenged with
ADP or collagen in a Chrono-Log aggregometer

(4) PRP (20uL): PRP was isolated to incubate with
designated antibody (anti-GPIba-FITC or GPVI-
PE) or fluorochrome (FITC-Annexin V or H,DCF-
DA) for flow cytometry

2.4. Platelet Aggregation. At designated time points (2h,
24h, 48h, and 96h), PRP was collected from the culture
bag. Platelet aggregation was carried out on a 2-channel
Model 700 optical aggregation system (Chrono-Log, Haver-
town, PA, USA), under continuous stirring at 1200 RPM at
37°C. Platelets (300 uL) were stimulated with ADP (20 uM)
or collagen (10ug/mL). Light transmission was recorded
for 10 minutes.

2.5. Flow Cytometric Analysis of Platelet Receptor Shedding.
PRP was collected at designated time points, and platelet
concentration was determined with Mindray (BC-2800Vet,
Shenzhen, China); platelet GPIba and GPVI surface expres-
sion was examined by anti-CD42b-FITC and anti-GPVI-
PE. Briefly, 50 uL of PRP (1 x 107/mL) was incubated with
1 uL anti-CD42b-FITC and 1uL anti-CD41-PE or 1uL
anti-CD61-FITC and 1uL anti-GPVI-PE for 30 min, then
diluted with 450 uL Tyrode buffer. BD Biosciences flow
cytometer (Accuri™ C6+) (Franklin Lakes, NJ, USA) and
FlowJo V10 software (Treestar, Ashland, OR, USA) were
used for analysis.

2.6. Measurement of Intracellular ROS. PRP was collected at
designated time points, and 10 uL PRP were incubated with

500 uL fluorogenic probe 2,7’ -dichlorofluorescein diacetate



Oxidative Medicine and Cellular Longevity

Storage time at room temperature under constant agitation

)
=

24h

48h 72h 96 h

/ +Saline

v

Fresh
isolated
PRP

+NAC

v

\ +Rapamycin

v

v

+Bafilomycin

1: WB for LC3II level

2: WB for LC31I and p62 level

3: Platelet aggregation
(in response to ADP and collagen)

4: Flow cytometry analysis
(receptor shedding, Annexin V, ROS)

R

,_.
Rl
IS
—

B 4-—r

»
'S

B er
YR
5o

—
Nl
=~
—
Rl
Iy
—

FIGURE 1 An: overview for detections of PSLs and autophagy flux during platelet storage.

(H,DCE-DA, 50 uM) for 10min at 37°C in darkness, then
analyzed by flow cytometry immediately. Flow cytometric
FCS data analysis was undertaken in FlowJo V10 software.

2.7. Annexin V Binding Measurement. Platelet phosphatidyl-
serine expression was evaluated as previously published [24].
Briefly, 50uL of washed platelets (5x107/mL) was
incubated with 2uL of Annexin-V-FITC and 1uL anti-
CD41-PE for 30 min prior to dilution with 500 4L Tyrode
buffer containing CaCl, (1mM). Annexin V binding was
immediately assessed on a BD Biosciences flow cytometer
(Accuri™ C6+), and FCS data were analyzed with FlowJo
V10 software. Platelets were identified by the event charac-
teristic with anti-CD41-PE-positive, forward scatter parame-
ters above 8000.

2.8. Immunoblotting Analysis. At designated time points
(2h, 24h, 48h, 72h, 96h, and 120h), PRP was collected
and stayed at static in the presence or absence of 20 mM
NH,CI for 1 hour, then reconstituted with 3-fold ACD
buffer, and centrifuged at500 x gfor 10 min. The pellet was
lysed with lysis buffer (20mM Tris and 150 mM NaCl,
pH7.4) containing protease inhibitor, DTT (1.5uM) and
1 mM PMSF. Loading samples were separated by SDS poly-
acrylamide gel electrophoresis. The protein was incubated
with indicated antibodies overnight. Corresponding second-
ary antibody incubation was carried out the other day for 1 h
at room temperature, with three washes in between incuba-
tions with PBS-T buffer. After washing with TBST, proteins
were visualized by Tanon 4800 (Tanon, Shanghai, China)
after incubation with enhanced chemiluminescence.

2.9. Statistical Analysis. All data were analyzed using one-
way ANOVA or paired Student’s ¢-test to compare normally
distributed variables. All data were expressed as mean +
SEM (standard error of the mean), and P value < 0.05 was
considered as statistically significant.

3. Results

3.1. Increased Intracellular Reactive Oxygen Species and
Platelet Receptor Shedding during Platelet Storage. To
address the oxidative stress changes during platelet storage,
we measured ROS generation in stored platelets by flow
cytometry using H,DCFDA. ROS in platelets increased
following the initiation of storage (Figure 2(a)) and slowly
decreased at the late stage of storage, implying a diminished
intracellular metabolic activity in stored platelets. GPVI and
GPIb-IX-V are important receptors involved in platelet
activation, and the loss of platelet receptors attenuates their
circulation lifespan and viability, thus impairing the quality
of platelet products [16]. Platelets during storage showed a
significantly upregulated platelet GPIba and GPVI shedding
(Figure 2(b)) and increased apoptosis level by measuring PS
exposure (Figure 2(c)), subsequent with reduced platelet
aggregation in response to ADP (20uM) or collagen
(10 pg/mL) (Figure 2(d)), which are both important agonists
for platelet aggregation and activation.

3.2. ROS Scavenger NAC Reduces Platelet Receptor Shedding,
Apoptosis, and Aggregation during Platelet Storage. N-Ace-
tyl-L-cysteine (NAC), a ROS scavenger which acts as a
precursor for GSH synthesis [25], potently eliminates ROS
generated during platelet storage (Figure 3(a)). To clarify
whether ROS scavenger could reduce ROS-induced PSL
and prolong platelet activity, we analyze the receptor expres-
sion of NAC-pretreated platelets. NAC (5mM) reduces
apoptosis (Figure 3(b)) and GPIba and GPVI shedding
(Figure 3(c)). These data indicate that ROS generated during
platelet storage plays a critical role in PSL formation. ROS is
an important mediator for platelet activation, and the anti-
platelet effects of ROS scavenger NAC had been well docu-
mented [26]. Consistently, stored platelets showed reduced
aggregation activity along with prolonged storage duration
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FIGURE 2: Stored platelets showed increased ROS generation, apoptosis, and platelet receptor shedding accompanied with impaired platelet
aggregation. Dot plots illustrate the levels of oxidative stress (a), PS (phosphatidylserine) exposure (b), and platelet receptor expression
(GPIba and GPVI) (c) in stored platelets at 2h, 24h, 48h, 72h, 96 h, and 120 h. (d) Representative aggregation traces and summary of
aggregation percentage of stored platelets in response to collagen (10 ug/mL) or ADP (20 uM) after designated storage time (2h, 24h,
48h, 72h, 96 h, and 120 h). NS: no significance; *P < 0.05; **P < 0.01; data were all compared with basal level (2 h) in respective histograms.

(Figure 3(d)), when challenged with ADP (20 uM) or colla-
gen (10 yg/mL).

3.3. ROS Scavenger NAC Prolongs the Autophagic Flux in
Stored Platelets. We further explored platelet autophagy
change during storage by monitoring LC3 (microtubule-
associated protein 1 light chain 3) level. During autophagy,
LC3-I is converted to LC3-II, which is associated with the
phagophore and autophagosome membrane by conjugation
to phosphatidylethanolamine, and thus serves as a good
autophagy marker. There is a dynamic autophagic flux dur-
ing platelet storage, and autophagic flux slowly decays after a
long duration of storage (Figure 4(a)). However, accumu-
lated LC3-II level in a western blot might also reflect a
reduction in autophagosome turnover or the inability of
turnover to keep pace with increased autophagosome forma-
tion. Therefore, applying LC3-II as an autophagy marker
must be complemented by assays to estimate overall autoph-
agic flux to permit a correct interpretation of the results [27].
Stored platelets were collected and treated with NH,CI to
block substrate digestion before being subjected to western
blot. A more enhanced additive effect of LC3-II levels in
the presence of NH,Cl indicates a greater induction and
cargo sequestration, implying that the storage may enhance
autophagic flux through substrate digestion. We monitored
autophagy flux intensity in stored platelets by blocking

autophagy turnover in the presence NH,Cl. After platelets
were treated with NH,CI for 1h, a significantly increased
LC3II level was present (e.g., 2h, 24h, 48h, and 72h)
(Figure 4(a)), indicating the presence of an active auto-
phagosome turnover in platelets at the initial stage of stor-
age. However, after 96h or 120h of storage, NH,CI
treatment does not promote the LC3II level, indicating a
perished autophagy flux. Protein SQSTM1, also known as
P62, is a selective autophagic adaptor that delivers substrates
to autophagosomes and itself is degraded by lysosome along
with such substrates [28, 29]. As such, the p62 level is a
classical indicator of autophagic flux. It should be noticed
that p62 accumulated slowly during platelet storage
(Figure 4(b)), which indicates that the basal level of autoph-
agy may be not sufficient to eliminate metabolic waste
produced in stored platelets.

We further explore whether ROS scavenger may inter-
fere the active autophagic flux in stored platelets. When
treated with ROS scavenger NAC (5mM) before storage,
platelets showed a decreased autophagic flux (Figure 4(c)),
and p62 level remains stable during storage (Figure 4(d)),
indicating a balanced intracellular autophagosome turnover.
To be noted, NAC-treated platelets showed a persisting
active autophagic flux at 96h, as indicated by increased
LC3II level when stored platelets were treated with NH,Cl
for 1 h (Figure 4(c)). These data suggest that ROS scavenger
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FiGure 3: ROS scavenger reduces stored platelet receptor shedding and apoptosis during platelet storage. PRP was pretreated with or
without NAC (5mM), then stored at room temperature on a rocking agitator with continuous agitation. PRP were harvested and
analyzed at designated time points (2h, 24h, 48h, and 96h). Dot plots show the levels of oxidative stress (a), PS exposure (b), and
platelet receptor expression (GPIba and GPVI) (c) in stored platelets at 2h, 24h, 48h, and 96h. (d) Representative aggregation

traces and summary of aggregation percentage of stored platelets in response to collagen (10ug/mL) or ADP (20 uM). NS: no
significance; *P < 0.05; **P < 0.01.
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F1GURE 4: ROS scavenger NAC reduces and prolongs the autophagic flux in stored platelets. PRP was pretreated with or without NAC
(5mM), then stored at room temperature on a rocking agitator with continuous agitation. Harvested PRP were treated with or without
NH,CI (20 mM) for 1h, then centrifuged at 500 x g for 10 min and lysed. LC3 levels in stored platelets were analyzed by western blot,
and quantification of the ratios of LC3II/LC3I grey intensity was present (a, c). Western blot analysis and quantification of p62 grey
intensity of stored platelets were present (b, d). In (a) and (b), summary data were all compared with basal level (2h). NS: no
significance; *P < 0.05; **P < 0.01.

limits the autophagic flux in the early stage of storage and  Rapamycin is an autophagy inducer by specifically blocking
prolongs the existence of active autophagic flux in stored =~ mTORCI (mammalian target of rapamycin complex 1).
platelets, implying a protective role of autophagic flux =~ Multiple studies showed that low concentration of rapa-
on PSLs. mycin did not influence platelet activation [15, 30]. Rap-

amycin treatment maintains an enhanced autophagic flux
3.4. Maintaining Intracellular Autophagic Flux Ameliorates  during storage (Figure 5(a)), while bafilomycin, a specific
ROS Accumulation in Stored Platelets. We further analyze  inhibitor of vacuolar H"-ATPase, which blocks acidifica-
whether manipulating autophagic flux might alternately  tion and protein degradation in autophagosome, signifi-
reduce oxidative stress-induced PSLs in stored platelets.  cantly abolished platelet autophagic flux (Figure 5(a)).
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NH,CI incubation more effectively brought up the LC3II
level in stored platelet-treated rapamycin than that of
control (Figure 5(a)), indicating the existence of active
autophagic flux. Furthermore, p62 level remained stable
in rapamycin-treated platelets during storage, while p62
level accumulated in stored platelets when treated with
bafilomycin, implying an impaired autophagic flux

(Figure 5(b)). We also reveal that stored platelets treated
with rapamycin showed a lower ROS accumulation
(Figure 5(c)), while bafilomycin-treated platelets were
accompanied with increased ROS level at the early stage
of platelet storage (Figure 5(c)). These data suggest that
manipulating autophagy by rapamycin ameliorates ROS
accumulation in stored platelets.



Oxidative Medicine and Cellular Longevity

14000 -
— 12000 -
ey
2' 10000
= i
A
© 8000
1000 T T T T
6000 T T T T
2h 24h 48h 96h 2h 24h 48h 96h 2h 24h 48h 96h
—@— Control —&— Control
—B— Rapamycin —#— Rapamycin
—4— Bafilomycin —a— Bafilomycin
(@) (b)
9
=
Collagen =iy
S
_ S g
3 o= EE
c £s
= O =
2 El
g =
P S
5 2 min
® 2h 24h 48h 9%h
ADP
. == :.
L 9
g g8
S ZZ
S — =
%:’3 2 min A %g
& <
2h 24h 48h 96 h 2h 24h 48h 96h
— Control —8— Control
— Rapamycin —#— Rapamycin
—— Bafilomycin —— Bafilomycin

(0

FIGURE 6: Rapamycin reduces PSLs and improves stored platelet activity. PRP was pretreated with rapamycin (50 nM) or bafilomycin
(100nM), then stored at room temperature on a rocking agitator with continuous agitation. Dot plots illustrate the level of platelets
receptor expression (GPIba and GPVI) (a) and PS exposure (b) in stored platelets at 2h, 24h, 48h, and 96h. (c) Representative
aggregation traces and summary of aggregation percentage of stored platelets in response to collagen (10 yg/mL) or ADP (20 uM) after
designated storage time (2h, 24 h, 48h, and 96h). NS: no significance; *P < 0.05; **P < 0.01. Blue * indicates the comparison between
the bafilomycin and control group, while red * indicates the comparison between the rapamycin and control group.

3.5. Rapamycin Reduces Platelet Storage Lesions and
Improves Stored Platelet Aggregation Activity. We further
explore the effects of manipulating autophagy on ROS-
induced PSLs. Platelets were treated with rapamycin or bafi-
lomycin before storage, and our data showed that rapamycin
ameliorated platelet GPIba and GPVI shedding (Figure 6(a)),
while bafilomycin-treated platelets showed an enhanced
receptor shedding (Figure 6(a)). Rapamycin also prevents
stored platelets from apoptosis (Figure 6(b)), indicating pro-
moting autophagic flux during platelet storage reduces PSLs.
Importantly, we also found stored platelets pretreated with
rapamycin showed an improved aggregation activity in
response to collagen and ADP, while bafilomycin impaired
the reactivity of stored platelets (Figure 6(c)). Taken together,
our data suggest that manipulating autophagy flux during
platelet storage reduces ROS-induced PSLs and improves
platelet reactivity in response to extracellular stimuli.

4. Discussion

In this article our data showed that ROS generation during
platelet storage is closely associated with PSLs, including
apoptosis and receptor shedding. It has been reported that
NADPH oxidase (NOX) 1- and 2-derived ROS generation
plays important roles in platelet activation [19]; therefore,
exogenous ROS scavengers during platelet storage could
impair platelet aggregation in response to collagen and
ADP, when they effectively reduce PSLs. We also reveal that
there is an active autophagic flux during platelet storage,
which slowly decays at the late stage of storage, and main-
taining a stable autophagy turnover during platelet storage
could ameliorate ROS generation and ROS-induced PSLs.
Moreover, manipulating autophagic flux by rapamycin
during storage dramatically improves platelet aggregation
in response to collagen and ADP.
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In fact, ROS showed a bidirectional effect on platelet
activation, both negative and positive. ROS in platelets may
be derived from NOX 1 and NOX 2 activation [26], which
are positive regulators during agonist-induced platelet acti-
vation. On the other hand, ROS production during platelet
storage has been described previously to cause PSLs, such
as platelet receptor loss, granule release, and viability impair-
ment [20, 31, 32]. Endogenous ROS produced during plate-
let storage could be a by-product of respiration chain [19],
and accumulated ROS in stored platelets disturbs mitochon-
drial membrane potential, blocks ATP/ADP exchange trans-
locase at the mitochondrial surface, then subsequently leads
to apoptosis [33]. Superfluous ROS result in an increased
biomolecule and organelle damage, which consequently pro-
motes intracellular ROS production in a vicious circle [34]. It
has been reported that ROS inhibition by NAC or VAS2870
(a specific NOX inhibitor) in stored platelets prevents platelet
receptor loss; meanwhile, they do not reduce platelet adhe-
sion and spreading capacity [35]. However, our data showed
that ROS scavenger NAC reduced aggregation of stored
platelet, indicating that platelet aggregation is a complex
process which is sensitive to ROS and ROS-induced PSLs,
and reducing oxidative stress during platelet storage is not
sufficient to improve platelet aggregation activity.

Baseline autophagy occurs in nearly all eukaryotes to
maintain cellular homeostasis and material recycle, and it
can be upregulated in response to environment stress
including starvation, oxidative stress, and infection [36]. In
the present article, we revealed that platelets showed a
dynamic autophagic flux during storage process accompa-
nied with increased oxidative stress. We also showed p62
level accumulated in platelets during storage, implying that
the basal level of autophagy may not be sufficient to abolish
the metabolic waste produced during storage. Upregulated
p62 and other autophagy-related proteins in stored platelets
[37] might be generated by utilizing mRNAs inherited from
megakaryocytes [38], even though platelets are anucleate.
Interestingly, high-level R-lipoic acid administration leads
to a reduced half-life of circulating platelets, by enhancing
autophagy when applied for diabetes treatment [39]. These
data indicate that an enhanced regulation of autophagic flux
might limit circulating platelet lifespan. This discrepancy
might derive from the different concentrations of rapamycin
and thus the diffident regulation on autophagic flux. Rapa-
mycin was initially found as an antifungal macrocyclic
lactone, then approved for preventing allograft rejection,
restenosis, and stent thrombosis [40]. It has been shown that
rapamycin induces autophagy by inhibiting mTORCI
signaling, which is a master regulator in the response to
nutrient availability and growth factors [41]. Rapamycin is
the first reported pharmacological agent to extend the life-
span of mammal and confer protection against aging and
age-related diseases [42]. For the concentration of rapamy-
cin, 1000nM is effective in reducing platelet aggregation
[30], while previous studies also showed that 200nM did
not influence platelet aggregation [15]. In fact, 200 nM rapa-
mycin is usually applied to effectively induce autophagy;
however, a previous study has reported that apheresis plate-
lets pretreated with rapamycin (200nM) showed reduced

granule release and maximum aggregation in response to
ADP and arachidonic acid [37]. Therefore, we applied an
uncanonical concentration of rapamycin (50nM). We
speculate that rapamycin (200 nM) is suitable for inducing
a sustained autophagy during a short duration, while a
long-term and intensive autophagy flux induced by rapamy-
cin (200 nM) may be harmful to platelets, especially when
they are anucleate cells.

In the present study, the in vivo clearance rate of stored
platelets when treated with rapamycin has not been mea-
sured, and the lifespan of circulating platelets is partially
determined by the glycan modifications of platelet surface
receptors [43]. DANA (N-acetylneuraminic acid, 2,3-dehy-
dro-2-deoxy-sodium salt), a neuraminidase inhibitor, has
been proved to prevent platelet desialylation and improve
platelet posttransfusion recovery [44]. Thus, the effects of
rapamycin on the desialylation of stored platelets and the
longevity of transfused platelets remain to be elucidated. In
addition to glycan modifications of platelet receptors, a fur-
ther concern is that how autophagy and ROS may regulate
GPIba and GPVI shedding, which are known to be predom-
inantly cleaved by a disintegrin and metalloproteinase 10
(ADAM10) and ADAM17 [45]. Previous reports have
shown that platelet ADAMI17 is activated via a p38
MAPK-dependent pathway, and inhibition of p38 MAPK
during platelet storage has been shown to improve the post-
transfusion recovery rate [46]. Oxidative stress produced in
platelets was rendered as the key regulator of p38 and
ADAM17 activation [16]. In addition, enhanced ADAM10
and ADAMI17 activity has also been associated with
impaired autophagy [47, 48]. Another limitation of the cur-
rent study is how autophagy may regulate ROS generation
during platelet storage. We speculated that increased ROS
trends to accumulate misfolded proteins in platelets and
subsequently enhances ROS generation. Meanwhile, autoph-
agy could ameliorate ROS-induced intracellular damage and
improve energy metabolism efficiency, thus functioning as a
protective strategy to degrade ROS-oxidized protein aggre-
gates and altered organelles [49].

To meet the enormous demands of patients in modern
medicine, platelet products should be kept adequate in blood
banks [50]. Platelet products showed short shelf life and high
cost for collection, test, storage, and distribution; thus, they
are most affected by fluctuations in practice. A strategy to
prolong platelet shelf life would help to minimize platelet
product waste and improve usage efficiency. In the study,
we have investigated the link between autophagy and PSLs,
revealing that rapamycin could partially improve platelet
reactivity after storage. Even though the present study
focused on the short-term storage and the improvement
for storage duration is limited, further investigation on
autophagy during storage might help to enhance our under-
standing on the physiological change of stored platelets and
optimize the guidelines for platelet storage.

Abbreviations

LC3: Microtubule-associated protein 1 light chain 3
mTORCI: The mechanistic target of rapamycin complex 1



10

NAC: N-Acetyl-L-cysteine
NOX: NADPH oxidase

PRP: Platelet-rich plasma
PS: Phosphatidylserine
PSLs: Platelet storage lesions
ROS: Reactive oxygen species
WB: Western blotting.
Data Availability

The data used to support the findings of this study are avail-
able from the corresponding authors upon request.

Conflicts of Interest

The authors involved in this article declare that the research
was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Authors’ Contributions

X.Z. and Y.Z. performed experiments and analyzed data.
Y.D. and Y.R. conducted flow cytometry. Y.R. and Y.Z.
helped with western blotting. Q.Z. and C.Z. supplied
reagents. Y.L. and X.Z. designed the research and wrote the
manuscript. X.L. and L.H. revised the manuscript. Xi Zhao
and Yangchao Zhao contributed equally to this study.

Acknowledgments

This study was funded by the National Natural Science
Foundation of China (81903603), China Postdoctoral
Science Foundation (2020M672292) for Y.L., and Science
and Technology Development Project of Henan Province
(202102310210) for X.Z.

References

[1] L. Colberg, C. Cammann, A. Greinacher, and U. Seifert,
“Structure and function of the ubiquitin-proteasome system
in platelets,” Journal of Thrombosis and Haemostasis, vol. 18,
no. 4, pp. 771-780, 2020.

[2] D. M. Coenen, A. C. A. Heinzmann, M. F. A. Karel,
J. Cosemans, and R. R. Koenen, “The multifaceted contribu-
tion of platelets in the emergence and aftermath of acute car-
diovascular events,” Atherosclerosis, vol. 319, pp. 132-141,
2021.

[3] H. Kilkson, S. Holme, and S. Murphy, “Platelet metabolism
during storage of platelet concentrates at 22 degrees C,” Blood,
vol. 64, no. 2, pp. 406-414, 1984.

[4] J. Cho, H. Kim, J. Song et al., “Platelet storage induces acceler-
ated desialylation of platelets and increases hepatic thrombo-
poietin production,” Journal of Translational Medicine,
vol. 16, no. 1, p. 199, 2018.

[5] L.Zhao,].Liu, C. He et al., “Protein kinase A determines plate-
let life span and survival by regulating apoptosis,” The Journal
of Clinical Investigation, vol. 127, no. 12, pp. 4338-4351, 2017.

[6] M. S. Y. Ng, J. P. Tung, and J. F. Fraser, “Platelet storage
lesions: what more do we know now?,” Transfusion Medicine
Reviews, vol. 32, no. 3, pp. 144-154, 2018.

Oxidative Medicine and Cellular Longevity

[7] A. Amelirad, K. Shamsasenjan, P. Akbarzadehlaleh, and
D. Pashoutan Sarvar, “Signaling pathways of receptors
involved in platelet activation and shedding of these receptors
in stored platelets,” Advanced Pharmaceutical Bulletin, vol. 9,
no. 1, pp. 38-47, 2019.

[8] W. Chen, X. Liang, A. K. Syed et al., “Inhibiting GPIb« shed-
ding preserves post-transfusion recovery and hemostatic func-
tion of platelets after prolonged storage,” Arteriosclerosis,
Thrombosis, and Vascular Biology, vol. 36, no. 9, pp. 1821-
1828, 2016.

[9] E. Hosseini, M. Ghasemzadeh, F. Nassaji, and Z. P. Jamaat,
“GPVI modulation during platelet activation and storage: its
expression levels and ectodomain shedding compared to
markers of platelet storage lesion,” Platelets, vol. 28, no. 5,
pp. 498-508, 2017.

[10] C.Fang, L. Gu, D. Smerin, S. Mao, and X. Xiong, “The interre-
lation between reactive oxygen species and autophagy in neu-
rological disorders,” Oxidative Medicine and Cellular
Longevity, vol. 2017, Article ID 8495160, 2017.

[11] L. A.Rowe, N. Degtyareva, and P. W. Doetsch, “DNA damage-
induced reactive oxygen species (ROS) stress response in Sac-
charomyces cerevisiae,” Free Radical Biology & Medicine,
vol. 45, no. 8, pp. 1167-1177, 2008.

[12] T. H. Truong and K. S. Carroll, “Redox regulation of protein
kinases,” Critical Reviews in Biochemistry and Molecular Biol-
ogy, vol. 48, no. 4, pp. 332-356, 2013.

[13] Z. Xu, Y. Liang, M. K. Delaney et al,, “Shear and integrin
outside-in signaling activate NADPH-oxidase 2 to promote
platelet activation,” Arteriosclerosis, Thrombosis, and Vascular
Biology, vol. 41, no. 5, pp. 1638-1653, 2021.

[14] M. K. Delaney, K. Kim, B. Estevez et al., “Differential roles of
the NADPH-oxidase 1 and 2 in platelet activation and throm-
bosis,” Arteriosclerosis, Thrombosis, and Vascular Biology,
vol. 36, no. 5, pp. 846-854, 2016.

[15] Y. Liu, M. Hu, D. Luo et al., “Class III PI3K positively regulates
platelet activation and thrombosis via PI (3) P-directed func-
tion of NADPH oxidase,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 37, no. 11, pp. 2075-2086, 2017.

[16] A. Bril, A. K. Chauhan, M. Canault, M. T. Walsh,
W. Bergmeier, and D. D. Wagner, “Oxidative stress activates
ADAM17/TACE and induces its target receptor shedding in
platelets in a p38-dependent fashion,” Cardiovascular
Research, vol. 84, no. 1, pp. 137-144, 2009.

[17] J. P. Perales Villarroel, R. Figueredo, Y. Guan et al,, “Increased
platelet storage time is associated with mitochondrial dysfunc-
tion and impaired platelet function,” The Journal of Surgical
Research, vol. 184, no. 1, pp. 422-429, 2013.

[18] V. Leytin, D. J. Allen, A. Mutlu, A. V. Gyulkhandanyan,
S. Mykhaylov, and J. Freedman, “Mitochondrial control of
platelet apoptosis: effect of cyclosporin A, an inhibitor of the
mitochondrial permeability transition pore,” Laboratory
Investigation, vol. 89, no. 4, pp. 374-384, 2009.

[19] E. Hosseini, M. Ghasemzadeh, M. Atashibarg, and
M. Haghshenas, “ROS scavenger, N-acetyl-l-cysteine and
NOX specific inhibitor, VAS2870 reduce platelets apoptosis
while enhancing their viability during storage,” Transfusion,
vol. 59, no. 4, pp. 1333-1343, 2019.

[20] M. Ghasemzadeh and E. Hosseini, “Platelet granule release is
associated with reactive oxygen species generation during
platelet storage: a direct link between platelet pro-
inflammatory and oxidation states,” Thrombosis Research,
vol. 156, pp. 101-104, 2017.



Oxidative Medicine and Cellular Longevity

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

N. Jimenez-Moreno and J. D. Lane, “Autophagy and redox
homeostasis in Parkinson's: a crucial balancing act,” Oxidative
Medicine and Cellular Longevity, vol. 2020, Article ID
8865611, 2020.

W. Feng, C. Chang, D. Luo et al., “Dissection of autophagy in
human platelets,” Autophagy, vol. 10, no. 4, pp. 642-651, 2014.

M. M. Ouseph, Y. Huang, M. Banerjee et al., “Autophagy is
induced upon platelet activation and is essential for hemostasis
and thrombosis,” Blood, vol. 126, no. 10, pp. 1224-1233, 2015.

S. Zhang, Y. Liu, X. Wang et al,, “SARS-CoV-2 binds platelet
ACE2 to enhance thrombosis in COVID-19,” Journal of
Hematology & Oncology, vol. 13, no. 1, p. 120, 2020.

M. Paul, R. M. Thushara, S. Jagadish et al., “Novel sila-amide
derivatives of N-acetylcysteine protects platelets from oxida-
tive stress-induced apoptosis,” Journal of Thrombosis and
Thrombolysis, vol. 43, no. 2, pp. 209-216, 2017.

J. Qiao, J. F. Arthur, E. E. Gardiner, R. K. Andrews, L. Zeng,
and K. Xu, “Regulation of platelet activation and thrombus
formation by reactive oxygen species,” Redox Biology, vol. 14,
pp. 126-130, 2018.

D. J. Klionsky, A. K. Abdel-Aziz, S. Abdelfatah et al., “Guide-
lines for the use and interpretation of assays for monitoring
autophagy (4th edition)(1),” Autophagy, vol. 17, no. 1, pp. 1-
382, 2021.

M. Komatsu, S. Waguri, M. Koike et al., “Homeostatic levels of
p 62 control cytoplasmic inclusion body formation in
autophagy-deficient mice,” Cell, vol. 131, no. 6, pp. 1149-
1163, 2007.

Y. Zhong, D. H. Morris, L. Jin et al, “Nrbf2 protein
suppresses autophagy by modulating Atgl4L protein-
containing Beclin 1-Vps34 complex architecture and reduc-
ing intracellular phosphatidylinositol-3 phosphate levels,”
The Journal of Biological Chemistry, vol. 289, no. 38,
Pp. 26021-26037, 2014.

X. Chen, Y. Zhang, Y. Wang et al., “PDK1 regulates platelet
activation and arterial thrombosis,” Blood, vol. 121, no. 18,
pp. 3718-3726, 2013.

M. Ghasemzadeh, E. Hosseini, Z. O. Roudsari, and
P. Zadkhak, “Intraplatelet reactive oxygen species (ROS) cor-
relate with the shedding of adhesive receptors, microvesicula-
tion and platelet adhesion to collagen during storage: does
endogenous ROS generation downregulate platelet adhesive
function?,” Thrombosis Research, vol. 163, pp. 153-161, 2018.

E. Hosseini, S. Hojjati, S. Afzalniaye Gashti, and
M. Ghasemzadeh, “Collagen-dependent platelet dysfunction
and its relevance to either mitochondrial ROS or cytosolic
superoxide generation: a question about the quality and func-
tional competence of long-stored platelets,” Thrombosis Jour-
nal, vol. 18, no. 1, p. 18, 2020.

F. Ciccarone, S. Castelli, and M. R. Ciriolo, “Oxidative stress-
driven autophagy acROSs onset and therapeutic outcome in
hepatocellular carcinoma,” Oxidative Medicine and Cellular
Longevity, vol. 2019, Article ID 6050123, 2019.

L. Li, J. Tan, Y. Miao, P. Lei, and Q. Zhang, “ROS and
Autophagy: interactions and molecular regulatory mecha-
nisms,” Cellular and Molecular Neurobiology, vol. 35,
no. 5, pp. 615-621, 2015.

E. Hosseini, A. Solouki, Z. O. Roudsari, F. Kargar, and
M. Ghasemzadeh, “Reducing state attenuates ectodomain
shedding of GPVI while restoring adhesion capacities of stored
platelets: evidence addressing the controversy around the

(36]

(37]

(38]

(39]

(40]

[41]

(42]

[43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

11

effects of redox condition on thrombosis,” Journal of Throm-
bosis and Thrombolysis, vol. 50, no. 1, pp. 123-134, 2020.

G. Filomeni, D. De Zio, and F. Cecconi, “Oxidative stress and
autophagy: the clash between damage and metabolic needs,”
Cell Death and Differentiation, vol. 22, no. 3, pp. 377-388,
2015.

H. Tang, M. Gao, Y. Fu, R. Gui, and X. Ma, “The effect of
autophagic activity on the function of apheresis platelets and
on the efficacy of clinical platelet transfusion,” Transfusion
Medicine and Hemotherapy, vol. 47, no. 4, pp. 302-313, 2020.

S. Nagalla, C. Shaw, X. Kong et al., “Platelet microRNA-mRNA
coexpression profiles correlate with platelet reactivity,” Blood,
vol. 117, no. 19, pp. 5189-5197, 2011.

J. Liu, Q. Song, Y. Huang, W. Sun, D. Lu, and B. Zhou, “R-
lipoic acid overdosing affects platelet life span via ROS medi-
ated autophagy,” Platelets, vol. 29, no. 7, pp. 695-701, 2018.

D. Nie, J. Zhang, Y. Zhou, J. Sun, W. Wang, and J. H. Wang,
“Rapamycin treatment of tendon stem/progenitor cells
reduces cellular senescence by upregulating autophagy,” Stem
Cells International, vol. 2021, Article ID 6638249, 2021.

R. Selvarani, S. Mohammed, and A. Richardson, “Effect of rap-
amycin on aging and age-related diseases-past and future,”
Geroscience, vol. 43, no. 3, pp. 1135-1158, 2021.

D. E. Harrison, R. Strong, Z. D. Sharp et al., “Rapamycin fed
late in life extends lifespan in genetically heterogeneous mice,”
Nature, vol. 460, no. 7253, pp. 392-395, 2009.

M. E. Quach, W. Chen, and R. Li, “Mechanisms of platelet
clearance and translation to improve platelet storage,” Blood,
vol. 131, no. 14, pp. 1512-1521, 2018.

A.J.Jansen, E. C. Josefsson, V. Rumjantseva et al., “Desialyla-
tion accelerates platelet clearance after refrigeration and initi-
ates GPIba metalloproteinase-mediated cleavage in mice,”
Blood, vol. 119, no. 5, pp. 1263-1273, 2012.

R. K. Andrews and E. E. Gardiner, “Basic mechanisms of plate-
let receptor shedding,” Platelets, vol. 28, no. 4, pp. 319-324,
2017.

M. Canault, D. Duerschmied, A. Brill et al., “p38 mitogen-
activated protein kinase activation during platelet storage: con-
sequences for platelet recovery and hemostatic function
in vivo,” Blood, vol. 115, no. 9, pp. 1835-1842, 2010.

A. Mayr, J. Marciniak, B. Eggers et al.,, “Autophagy induces
expression of IL-6 in human periodontal ligament fibroblasts
under mechanical load and overload and effects osteoclasto-
genesis in vitro,” Frontiers in Physiology, vol. 12, p. 716441,
2021.

K. Maurer, V. J. Torres, and K. Cadwell, “Autophagy is a key
tolerance mechanism during Staphylococcus aureus infec-
tion,” Autophagy, vol. 11, no. 7, pp. 1184-1186, 2015.

X. Yuan, B. Wang, L. Yang, and Y. Zhang, “The role of ROS-
induced autophagy in hepatocellular carcinoma,” Clinics and
Research in Hepatology and Gastroenterology, vol. 42, no. 4,
pp. 306-312, 2018.

L. Guan, X. Tian, S. Gombar et al., “Big data modeling to pre-
dict platelet usage and minimize wastage in a tertiary care sys-
tem,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 114, no. 43, pp. 11368-11373,
2017.



	Autophagy Ameliorates Reactive Oxygen Species-Induced Platelet Storage Lesions
	1. Introduction
	2. Materials and Methods
	2.1. Materials
	2.2. Platelet Storage Condition
	2.3. Experimental Design
	2.4. Platelet Aggregation
	2.5. Flow Cytometric Analysis of Platelet Receptor Shedding
	2.6. Measurement of Intracellular ROS
	2.7. Annexin V Binding Measurement
	2.8. Immunoblotting Analysis
	2.9. Statistical Analysis

	3. Results
	3.1. Increased Intracellular Reactive Oxygen Species and Platelet Receptor Shedding during Platelet Storage
	3.2. ROS Scavenger NAC Reduces Platelet Receptor Shedding, Apoptosis, and Aggregation during Platelet Storage
	3.3. ROS Scavenger NAC Prolongs the Autophagic Flux in Stored Platelets
	3.4. Maintaining Intracellular Autophagic Flux Ameliorates ROS Accumulation in Stored Platelets
	3.5. Rapamycin Reduces Platelet Storage Lesions and Improves Stored Platelet Aggregation Activity

	4. Discussion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

