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Oxidative and Fibrinolytic Mechanisms: Two Important Processes

to Consider in Platelet Storage
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Objective: Platelet-rich plasma (PRP) is used in multiple coagulation
disorders. Its therapeutic effectiveness relies on technical procedures related
to PRP procurement and preservation because free radicals induce platelet
activation and aging. This work aims to elucidate the oxidative mechanisms
involved in activation of platelets obtained from PRP during storage.

Materials and Methods: One hundred ten PRP batches were obtained
from healthy donors and kept under stirring at a temperature of 20-24 °C.
Protein extraction was performed from platelet homogenates and plasma
at different times of storage from day 1 to 20. The activities of antioxidant
markers such as catalase (CAT), superoxide dismutase, and ceruloplasmin,
as well as fibrinolytic protein activity metalloproteases 2 and 3, plasmin,
and urokinase plasminogen activator, were analyzed by zymography assays.
Oxidized proteins were also determined.

Results: Significant activity of antioxidant enzymes and fibrinolytic
molecules was observed on day 5 of storage in PRP homogenates, which
increased over time and was concomitantly correlated with oxidized protein
levels. Reverse enzymatic activity patterns were observed in plasma, except
for CAT, which remained unchanged.

Conclusion: Storage conditions of platelets from PRP for up to 5 days
induced in vitro platelet activation by oxidative damage and proteolysis.
This finding confirms the need for proper management of these blood
products to preserve their viability and functionality.

Keywords: Platelet storage, Platelet activation, Platelet-rich plasma,
Oxidative damage, Metalloproteases
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Amag: Trombositten zengin plazma (TZP) pek cok koagiilasyon
bozuklugunda kullanilir. TZP'nin etkinligi, Uretimi ve saklanmasi
sirasindaki  teknik islemlere baghdir; clinkii serbest radikaller
trombositin aktivasyonunu ve yaslanmasini tetikler. Bu calisma, TZP'den
elde edilen trombositlerin, depolama sirasindaki aktivasyonunda yer
alan oksidatif mekanizmalarin aydinlatilmasina odaklanmistir.

Gerec ve Yontemler: Saglikli dondrlerden 110 TZP &rnegi hazirlandi
ve karistirici esliginde 20-24 “C'de tutuldu. Trombosit homojenatindan
ve plazmadan, depolamanin 1. giiniinden 20. giiniine kadar farkh
zamanlarda protein ekstraksiyonu yapildi. Katalaz, superoxit dismutaz
ve seruloplazmin gibi antioksidan belirteclerin aktiviteleri yani sira
metaloproteaz 2, ve 3, plazmin ve lirokinaz plasminojen aktivator gibi
fibrinolitik proteinlerin aktiviteleri, zimografi testiyle analiz edildi;
ayrica oksidize olmus proteinler belirlendi.

Bulgular: TZP homojenatinin  depolama siiresinin 5. glinilinde,
antioksidan enzimler ve fibrinolitik molekiillerde belirgin bir aktivite
gozlendi; bu durum zamanla daha da artti ve oksidize protein diizeyleri
ile es zamanl bir iliski gosterdi. Plazmada ise katalaz haricinde tersine
bir enzimatik aktivite paterni gdzlendi; katalaz degismeden kald.

Sonuc: TZP'deki trombositlerin depolamakosullari, 5 gline kadar in vitro
trombosit aktivasyonunu, oksidatif hasar ve proteoliz yoluyla tetikler;
bu bulgu bu kan Urlintiniin canliiginin ve fonksiyonlarinin korunmasi
icin kurallara uygun davranilmasi gerekliligini desteklemektedir.

Anahtar Sozciikler: Trombosit depolanmasi, Trombosit aktivasyonu,
Trombositten zengin plazma oksidatif hasar, Metaloprotezlar
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Introduction

The use of platelets is a therapeutic tactic widely used to resolve
hemostasis disorders [1]. These methods include the use of
platelet concentrate preparations or platelet-rich plasma (PRP)
with buffy coat [2]. The second of these options, PRP, offers
higher concentrations of platelets compared to plasma and, due
to its autologous origin, does not produce immunogenic adverse
reactions [3]. In transfusion medicine, platelets have been used
to manage bleeding events due to severe thrombocytopenia
caused by medullar aplasia, leukemia, or hemorrhages during
surgery [4]. The correct preservation of platelets obtained from
PRP is vital to obtain the desired therapeutic aims. The standard
technical procedure for the conservation of platelets from PRP
includes gentle agitation in proper aseptic containers at room
temperature of 20-24 °C [5,6]. Under these conditions, storage
is limited to 5 days since bacterial growth is favored [7].

Platelets obtained from PRP activation, regardless of the
technique used, undergo a process related to several cellular
signaling pathways. Recently, it has been suggested that
oxidative stress has an important role in platelet activation [8].
During regular platelet stimulation, redox imbalance can arise.
Platelet aggregation is related to high oxygen consumption and
an increase in oxidized glutathione levels [9]. It has also been
reported that hydrogen peroxide at micromolar concentrations
is able to support both platelet aggregation and disintegration
[10,11]. Numerous cellular antioxidant systems have been
described in platelets, and enzymes such as superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase help
maintain the redox balance in these cells [9]. On the other hand,
platelets also release fibrinolytic proteins, such as urokinase-
type plasminogen activator (uPA) and matrix metalloproteinases
(MMPs) 1, 2, and 9. These enzymes exert diverse responses in
regulating platelet functions, such as adhesion and aggregation
[12]. Interestingly, MMP2 and MMP9 are translocated to the
platelet surface during aggregation, favoring contact with
cellular surface proteins [13]. Moreover, MMP translocation
and releasing processes are linked to platelet activation and
downregulated by endogenous antioxidant inhibitors of platelet
aggregation such as nitric oxide (NO) and prostacyclin 12 [13,14].

Since free radicals induce platelet activation, this research was
planned with the aim of elucidating the effect of oxidative
damage in the activation of platelets obtained from PRP during
storage by analyzing activity and fibrinolytic markers.
Materials and Methods

PRP Procurement and Preservation

Platelets from PRP were isolated from blood samples collected
into acid citrate dextrose from 110 healthy volunteers from
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a blood transfusion medical service. Informed consent was
provided according to the protocol of Official Mexican Standard
NOM 003 [15] and international regulations [16,17]. Platelets
from PRP were obtained by centrifugation of whole blood
(400-450 ml) at 200x g for 10 min at room temperature,
followed by a second centrifugation at 1200x g for 20 min to
pellet the platelets (45-60 mL per sample). These samples were
subsequently kept at room temperature of 20-24 °C under
constant stirring (no more than 20x g) for a period of 1 to
20 days, with each sample containing approximately 5.5x10'"
platelets and 1x107 leukocytes [18]. Platelet-poor plasma was
aspirated, transferred to an empty satellite bag, and stored at
-80 °C for later use. The platelet pellets were allowed to settle
for 90 min and were then resuspended manually and stored on a
horizontal flat shaker.

To ensure that bacterial contamination was not a factor
influencing the in vitro biological effects, platelet samples were
tested for bacterial growth using a conventional hemoculture
technique [16].

Platelet Protein Isolation

Protein isolation from platelets from PRP was performed
according to Leoncini et al. [19]. Briefly, for each platelet
sample, centrifugation was performed at 1200x g for 20 min
and the pellet was washed twice in 36 mM citric acid buffer
containing 100 mM NaCl, 5 mM KCl, 1 mM MgCl,, and 5 mM
glucose at pH 6.5 [18]. The platelet pellet was then minced
in 700 uL of protein extraction buffer [20], the obtained
homogenate was centrifuged at 12000x g for 5 min at 4 °C
to remove particulate matter, and the supernatant was stored
at -70 °C [19]. The Bradford method was used to measure the
protein concentration of each sample [20]. Five samples were
used for each study group.

Determination of CAT, SOD, and Ceruloplasmin Biological Activity

Platelet homogenates with approximate concentrations of
1x108 platelets/mL were used for analyzing CAT and SOD, while
ceruloplasmin (Cp) activity was evaluated in plasma derived
from PRP using the method introduced by Leoncini et al. [19].
Activity in gel slabs was quantified in all tests using the Kodak
1D 3.5 image analyzer (Eastman Kodak Co., Rochester, NY, USA),
and represented in area (relative units).

Oxidized Protein Quantification

Oxidized proteins were quantified using a Western blot assay
(OxyBlot Kit, Chemicon International, Temacula, CA, USA).
Briefly, 25 ug of total protein from platelets obtained from PRP
was denatured by adding 12% SDS and 10% [-mercaptoethanol
followed by incubation at room temperature by 15 min. Proteins
were then separated in 120 SDS-PAGE and transferred to
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PVDF membranes, blocked with blocking/dilution buffer, and
incubated with rabbit primary anti-2,4-dinitrophenylhydrazone
(2,4-DNP, 1:150) for 1 h at 18-25 °C with gentle shaking.
Later, the membrane was rinsed three times with 1X PBS-T and
incubated with a secondary antibody (1:300) in blocking dilution
buffer for 1 h at 18 °C with gentle shaking. The membrane was
then rinsed three times with 1X PBS-T. Blots were washed and
protein was revealed using BM Chemiluminescence Kits (Roche
Diagnostics, Indianapolis, IN, USA). Densitometric analysis was
performed with the Kodak 1D 3.5 image analyzer (Eastman
Kodak Co., Rochester NY, USA).

Zymography for Detecting Plasmin, MMP2, and MMP3MMP2 and
MMP3 enzymatic activity was evaluated by zymography assays
of total protein from platelet homogenates or plasma obtained
from PRP as described previously [21]. Briefly, 30 ug of total
protein from platelets or plasma was loaded onto 10% SDS-PAGE
gel containing either 1 mg/mL gelatin for plasmin and MMP2
(Bio-Rad Laboratories, Hercules, CA, USA) or 2 mg/mL casein for
MMP3; after electrophoresis, the SDS was removed from the gel
by incubation in Triton X-100 at room temperature and samples
were subsequently washed to remove the detergent and incubated
at 37 °C for 48 h in a development buffer (BRIJ35, Sigma-Aldrich,
St. Louis, MO, USA) [18]. Casein was used as a substrate for MMP3
with development buffer containing 0.1 mol/L glycine at pH 8.3
[21]. This gel was stained with the Coomassie technique, followed
by destaining in the same solution without dye. Proteinase
activity was detected as unstained bands on a blue background
representing areas of gelatin digestion. Degradation bands were
observed at 66 kDa (MMP2), 80 kDa (MMP9), and 55 kDa (MMP3).
Gels were digitized and analyzed using the Kodak 1D 3.5 image
analyzer (Eastman Kodak Co., Rochester NY, USA) and represented
in area (relative units).

Zymography for uPA Activity

Activity of uPA was analyzed in total protein or platelet
homogenates by zymography assays as described previously
[21]. At the end of the technique, the gel was stained
with 0.5% Coomassie blue. The proteolytic activity of uPA
(54 kDa) was detected based on a white zone in a dark field [22].
Activity in the gel slabs was quantified using the Kodak 1D 3.5
image analyzer (Eastman Kodak Co., Rochester NY, USA), and
represented in area (relative units).

Statistical Analysis

Results were analyzed by one-way ANOVA followed by the
Dunnett post hoc test. Bivariate correlations were evaluated
using Pearson correlation analysis. Significance was accepted
at p<0.05 and results are given as mean + standard deviation
values.

Results

Increased CAT Activity in Platelets Obtained from PRP in
Conventional Storage

To monitor the activity of antioxidant enzymes in PRP during
storage, zymography assays were carried out. CAT and SOD were
tested in both plasma and total proteins from platelets obtained
from PRP. CAT activity was found to be significantly increased
on day 7 of storage in platelet homogenates (p<0.0001) and
it remained increased throughout the remainder of the study
period (Figure 1A). Interestingly, the CAT activity in plasma was
increased for the first 2 days (Figure 1B) and then showed a
small but significant decrease from day 3 of storage (p<0.0001)
that persisted throughout the remainder of the study. Regarding
SOD activity, this antioxidant protein was not detected (data
not shown).

Ceruloplasmin Activity Is Altered in Plasma Derived from PRP
and Oxidied Proteins Are Generated in Platelets from PRP During
Storage

Cp was detected from the first day of storage (Figure 1C),
with a small but significant decrease on day 7 (p=0.041). To
corroborate oxidative damage in thrombocytes, western blot
assays (OxyBlot) for oxidized proteins were also carried out. As
shown in Figure 1D, abundant oxidized proteins from PRP were
detected from day 5 of storage (p<0.0001); however, a negative
trend was then observed up to day 10. This finding reflects
the phenomenon of oxidative damage that platelets undergo
during storage.

Activation of Fibrinolytic Proteins on Platelets Obtained from
PRP During Storage

Fibrinolytic proteins studied in platelet homogenates showed
intense activity beginning as early as day 4 of storage. MMP-
activating molecules such as uPA and plasmin displayed
the same behavior patterns as MMPs in platelet lysates,
with significantly increased activity at day 4 (p<0.001) that
remained high for the rest of the study period (Figures 2A and
2C). Interestingly, in plasma, these markers showed an inverse
pattern with decreased activity from day 5 of storage (Figures
2B and 2D). On the other hand, MMP2 had increased activity
from day 5 of storage (p<0.0001) (Figure 2E) and MMP3 had
increased activity from day 4 of storage (p<0.0001), remaining
high throughout the rest of the observation period (Figure 2G).
Similarly to the behavior of plasma uPA and plasmin, the plasma
activity of MMP2 and MMP3 was decreased from day 4 and day
7, respectively, and these responses persisted throughout the
remainder of the study (Figures 2F and 2H).

Interestingly, the increasing activities of MMP2, MMP3, uPA,
and plasmin significantly correlated with the increasing levels
of oxidized proteins (r=0.729, r=0.629, r=0.578, and r=0.803,
respectively, with p<0.01 for all).
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Figure 1. Platelets obtained from platelet-rich plasma undergo oxidative damage and show activation of catalase during standard storage
processes: antioxidant activity of catalase in platelet homogenates (A) and plasma (B); (C) western blot assay for oxidized proteins (C);
and zymography assays for ceruloplasmin with densitometric analysis and representative gel (D). Values are mean + standard deviation
of 3-5 samples per group. Asterisks indicate that values differ significantly from the first day of the observation period. *: p<0.05, *:

p<0.01, **: p<0.001.

The studied fibrinolytic proteins exhibited reversed patterns of
activity in plasma. In the first days of observation, the activity
was higher, but it decreased significantly throughout the course
of storage with the aging of the platelets (Figure 2).

Discussion

PRP is a blood derivative containing platelet concentrations
of at least 1,000,000 platelets/uL suspended in plasma [23].
Historically, platelet concentrates have been used to treat
bleeding events due to thrombocytopenia caused by bone
marrow aplasia, acute leukemia, or significant blood loss, and
in recent years, these blood components are also widely used
in clinical practice to stimulate human tissue healing. Platelets
obtained from PRP have also recently experienced a surge in
clinical usage for sports medicine, bone regeneration, plastic
surgery, and other medical conditions due to their potential
healing properties through the recruitment, proliferation, and
differentiation of cells [24,25,26]. Several studies have focused
on improving storage conditions for platelet concentrates, but
little is known about the homeostasis of platelets obtained from
PRP under storage conditions. In the present study, we have
established that thrombocytes from PRP undergo oxidative
damage in storage conditions, specifically on day 5 of storage.

46

This oxidative damage correlates with the antioxidant activity
found in platelets from PRP. CAT, which allows the conversion
of HZOZinto HZO and 02, exhibited increased activity in platelet
lysates obtained from PRP from day 6 of storage, just 1 day
after oxidative damage was documented in the thrombocytes
obtained from platelet concentrates. Taken together, these
findings confirm that platelets experience oxidative stress in the
routine methods of storage and preservation.

Variations in redox balance reduce the efficacy and impact
the viability of platelets, and these processes are seen during
normal platelet stimulation. It has been documented that
superoxides are produced by platelets [9] and hydrogen
peroxide is generated by thrombocytes in response to thrombin
stimulation [27]. This response could also be present in platelets
from PRP. The pathway by which platelets produce intracellular
reactive oxygen species seems to be catalyzed by nicotinamide
adenine dinucleotide (phosphate) (NAD(P)H) oxidase, and their
activation is associated with gp91phox-dependent enzyme
activation [28,29].

On the other hand, during platelet activation, large amounts
of superoxide anions are generated, a response that is
counteracted by administering antioxidants in vitro or by the
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Figure 2. Increasing activity of fibrinolytic proteins was detected in platelets obtained from platelet-rich plasma during standard storage.
Zymography assays were performed for (A, B) urokinase plasminogen activator (uPA), (C, D) plasmin, (E, F) metalloprotease-2 (MMP2), and
(G, H) metalloprotease-3 (MMP3). Densitometric analyses and representative gels are presented. Values are mean + standard deviation
of 3-5 samples per group. Asterisks indicate that values differ significantly from the first day of the observation period. *: p<0.05, *:
p<0.01, **: p<0.001.

activity of endogenous platelet antioxidants such as SOD [30]. component is approximately 1 fg of SOD per platelet with

In our study, we were unable to demonstrate differences in 77% in the Cuf/Zn isoform, while the rest is in the Mn-SOD
SOD activity in platelet lysates, and this failure may have been isoform, and this is insufficient for evaluation by zymography.
due to the fact that the concentration of SOD in this blood However, Faria et al. [31] evaluated the enzymatic activity of
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SOD using two different techniques and concluded that there
were differences in the evaluation results of SOD activity as
well as alcohol dehydrogenase between the two methodological
techniques used. Better sensitivity of enzymatic evaluations by
spectrophotometric techniques was reported [31,32,33].

In our work, the activity of fibrinolytic proteins was also analyzed
in platelet lysates and plasma from PRP. Recently, MMPs and
their inhibitors and activators have been the subject of in-depth
research in the field of platelet biology, but there are still gaps
of information regarding whether their functions are altered
in platelets obtained from PRP. It has been established that
platelet activation and aggregation are mediated by MMP2,
which interacts with integrin o, B, [34], and it seems that
MMP9 may counteract the pro-aggregatory effect of MMP2
[35]. The latter enzyme inhibits phospholipase C activation via
NO production and cyclic GMP in human platelets, resulting in
platelet aggregation inhibition [36]. We found that MMP2 and
MMP3 were activated in platelet lysates from PRP between days
4 and 5 of storage, interestingly at the same time that oxidative
damage was documented.

Besides the increased activity of MMPs, heightened activity of
uPA and plasmin in platelet homogenates from PRP was also
found. uPA is a serin protease that promotes plasmin activation
both in vivo and in vitro [37]. It has been reported that plasmin
mediates the activation of thrombocytes by cleavage of protease-
activated receptor 4 [38]; thus, our finding regarding the activity
of plasmin in platelets strongly suggests thrombocyte activation
during the storage of platelet concentrates. In addition to the
effect of plasmin on platelet activation, this enzyme directly
activates pro-MMP1, pro-MMP9, pro-MMP10, and pro-MMP13,
and uPA can also activate pro-MMP2 [39]. This could explain the
increase in the activity of MMP2 found in our platelet lysates
from PRP during storage.

Interestingly, an opposite pattern of activity was observed for
fibrinolytic proteins in plasma. This finding may be the result
of the internalization of proteins that occurs with tissue factor
and other protein contents in alpha granules, a response that is
independent of GPIlb and GPllla [40].

Conclusion

The application of appropriate preservation and storage
methods for PRP allow for platelet activation, presumably
by oxidative stress, before the generally accepted expiration
date established for platelet concentrates. In the present
study, oxidative damage, as well as increased activities of
antioxidant and fibrinolytic proteins, appeared in thrombocytes
starting from day 4 of storage. These results provide evidence
of the processes that may be activated in packaged platelets
under standard handling and storage conditions. Additional
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translational research is needed to obtain more precise data on
the possible clinical implications of these changes generated in
platelets obtained from PRP.
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