
Apoptosis (2023) 28:1141–1153
https://doi.org/10.1007/s10495-023-01841-5

Ehteramolsadat Hosseini and Fatemeh Kiani nodeh contributed 
equally to this study as first authors.

Extended author information available on the last page of the article

Abstract
Background: Although gamma-irradiation to platelet products is a standard method to prevent the risk of TA-GVHD in 
vulnerable recipients, it induces some proteomic and redox changes, of which irradiation-induced ROS increments may 
potentiate platelet mitochondrial dysfunction. However, whether these changes cause platelet apoptosis, or affect their 
viability during storage, is the main subject of this study. Methods: PLT-rich plasma PC was split into two bags, one kept 
as control while other was subjected to gamma-irradiation. Within 7-days storage, cytosolic and mitochondrial levels of 
cytochrome c and pro-apoptotic molecules of Bak and Bax were evaluated by western-blotting. Intraplatelet active caspase 
(using FAM-DEVD-FMK) and PS-exposure were detected by flowcytometry. Caspase activity in platelet lysate was also 
confirmed by immunofluorescence detection of Caspase-3/7 Substrate N-Ac-DEVD-N’-MC-R110 while platelet viability 
was evaluated with MTT assays. Results: Cytosolic cytochrome c gradually increased while its mitochondrial content 
steadily declined during 7 days of storage. In a contrary trend, reverse patterns were observed for Bak and Bax expres-
sions. Gamma-irradiated platelets showed higher release of mitochondrial cytochrome c that reflected by higher cytosolic 
cytochrome c levels on day 7 of storage. Concurrently mitochondrial pro-apoptotic Bak and Bax proteins increased on day 
7 in irradiated products. However, gamma-irradiation didn’t significantly increase caspase activity or PS-exposure, nor did 
it decrease platelet viability. Conclusion: Here, consistent with studies on “gamma-irradiation-induced oxidative stress”, 
we showed that gamma-ray also increases platelet pro-apoptotic signals during storage, although not strongly enough to 
affect platelet viability by overt apoptosis induction. Conclusively, whether supplementing ROS scavengers or antioxidants 
to irradiated platelets can improve their quality during storage may be of interest for future research.

Research highlights
Platelets cytosolic cytochrome c gradually increased during 7-days of storage.
Mitochondrial expression of platelets Bak/Bax steadily increased during 7-days of storage.
7-days stored gamma-irradiated platelets showed higher levels of cytosolic cytochrome c.
7-days stored gamma-irradiated platelets showed higher levels of mitochondrial Bax/Bak.
Gamma-irradiation did not change caspase activity or platelet viability during storage.
Gamma-irradiation can induce platelet pro-apoptotic status to some extent, but not apoptosis.
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Gamma irradiation induces a pro-apoptotic state in longer stored 
platelets, without progressing to an overt apoptosis by day 7 of 
storage
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Introduction

Platelet transfusion may be accompanied with transfusion 
associated-graft versus host disease (TA-GVHD) [1, 2], an 
infrequent but serious immune reaction which is caused by 
immunologic attack of viable donor T cells against the tis-
sues of immunocompromised or other vulnerable recipients 
[3, 4]. TA-GVHD can effectively be prevented by gamma 
irradiation of the blood products [5] where gamma ray acts 
either by direct damage to T lymphocytes DNA or via pro-
ducing ions and free radicals that induce T cell genomic 
damage, avoiding their mitotic capacity [5, 6]. Platelet con-
centrates (PCs) are commonly stored at room temperature 
(20–24 °C) with continuous gentle agitation for 5 days [7], 
however, recently the use of bags made of PVC plasticized 
with butyryltrihexylcitrate (BTHC) allows adequate gas 
exchange, which increases the shelf life of platelets from 5 
to 7 days [8–10]. According to FDA guidelines, platelet con-
centrates can be irradiated at any time of their storage period 
[11] while similar to non-irradiated products, during stor-
age, they also undergo significant structural and functional 
changes that are called platelet storage lesion (PSL) [7, 12].

PSL is generally orchestrated by two distinct death path-
ways of apoptosis and necrosis [13]. Physiologically, apop-
tosis, or programmed cell death, is an energy-demanding 
process that occurs either through the extrinsic or intrinsic 
pathways, which lead to in vivo elimination of unwanted, 
damaged or aged platelets without developing an inflamma-
tory responses [14, 15]. However, since functional extrinsic 
pathway of platelet apoptosis has not been clearly demon-
strated yet [16], the intrinsic pathway mainly associated with 
mitochondria dysfunction play a dominant role in platelet 
apoptosis which is generally triggered by the signals such as 
mitochondrial DNA damage, oxidative stress and hypoxia 
[17]. Alternatively activating stimuli also trigger necrosis as 
a none-programmed cell death mechanism with an inflam-
matory potential which is manifested by sustained levels of 
cytosolic Ca2+, granule release and loss of membrane integ-
rity of platelets [13]. However, while necrosis and apoptosis 
showed to play major roles in PSL [13, 18], in stored plate-
lets, they are not entirely distinct pathways [13], given that 
in the early stages of storage, PSL mainly manifests itself 
with platelet activation and necrosis, while in later stages, 
from day 5 of storage, platelets start to show some signs of 
apoptosis. In general the reported markers of apoptosis at 
this stage are included in the activation and translocation of 
pro-apoptotic proteins Bak/Bax to mitochondria, increased 
mitochondrial permeability, cytochrome c release, activa-
tion of caspases 3 and 9, cytoskeleton protein cleavage ,sur-
face phosphatidylserine (PS) exposure and micro-particles 
(MPs) shedding [13, 15, 17], of those the latter two are 

not specific markers of apoptosis, since platelet activation 
leading to the necrotic pathway is also associated with PS 
exposure and MPs formation [19]. This is especially true 
for PS because its exposure in stored platelets depends on 
several factors, including the use of plasma substitutes (such 
as PAS), storage temperature, and other post-production 
manipulations such as the application of pathogen reduction 
technology [20–22]. In addition mitochondrial membrane 
permeability can also be associated with a necrotic pheno-
type of platelets which is mechanistically distinct from that 
of triggered by apoptosis, leading to mitochondrial outer 
membrane permeabilization (MOMP) [13, 23].

A growing body of evidence has also identified storage-
dependent ROS production as an important PSL marker that 
is tightly associated with platelet activation and apoptosis 
during storage [18, 24, 25]. While increased NADPH oxi-
dase (NOX) activity due to platelet activation is considered 
to be the main source of ROS production, their interaction 
with mitochondria can further elevate ROS production [18] 
which in turn damages mitochondrial function through the 
induction of pro-apoptotic BH3-only Bcl2 protein expres-
sion and cytochrome c release [26–28]. This was in line 
with some studies showing that accumulative ROS in stored 
platelets is associated with mitochondrial depolarization 
and platelet dysfunction [25]. In this regard, the study of 
Hosseini et al. which showed that either inhibition of ROS 
formation by NADPH oxidase (NOX) inhibitor or the scav-
enging of these oxidant agents by N-acetylcysteine (NAC) 
can reduce platelet apoptosis, while improving their viabil-
ity during storage, also indicates a clear link between ROS 
and apoptosis [18].

Given all mechanistic pathways involved in PSL whether 
gamma irradiation can further affect platelet phenotype or 
function during storage is of some debates. In this regard 
whilst several studies did not reveal any significant effects of 
gamma irradiation on the general markers of platelet quality 
and function during storage [4, 21, 29–31], other researches 
have also shown proteomic and oxidative changes [21, 32–
34] associated with some evidence of reduced post transfu-
sion efficacy of gamma irradiated platelets [11, 35], which 
can be in favor of superior PSL in this product. Now in gen-
eral, in view of our recent report on higher levels of oxidant 
agents in irradiated platelets compared to non-irradiated 
controls [34], and in line with the prominent effect of ROS 
on the progression of PSL, especially their effect on induc-
tion of apoptosis through mitochondrial pathways, the aim 
of this study was to compare the expression of characteristic 
markers of apoptosis between non-irradiated and gamma 
irradiated platelet concentrates to investigate whether 
gamma ray can affect platelet phenotypes and quality or not.
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Methods and materials

Reagents and chemicals

For reagents and chemicals, see Supplementary Material 
Appendix S1.

Sample preparation

Similar to our previous protocol [34], with a random selec-
tion, whole blood units were collected from volunteer 
donors referred to Iranian Blood Transfusion Organization 
(IBTO) and platelet-rich plasma PCs (PRP-PCs) were then 
prepared after passing a release process according to IBTO 
guidelines. Briefly, According to AABB standard protocol 
[36], to prepare platelet concentrate by PRP method, whole 
blood was first centrifuged with soft spin (2100 g for 4 min 
based on the standard operating procedure of IBTO) within 
8  h of collection. PRP was then expressed into the trans-
fer bag intended for platelet storage, and the lateral blood 
bag was sealed and removed. To pellet the platelets, the 
obtained PRP was then subjected to a heavy spin centrifu-
gation (4100 g for 8 min based on the standard operating 
procedure of IBTO). All but about 70 mL of platelet-poor 
plasma was expressed in the second transfer bag, which was 
removed, while the tube was sealed. The pellet in platelet 
bag was left intact for 1 h. The pellet was then resuspended 
in the remaining PRP by gently kneading the bag, which 
was finally placed on a shaking incubator (platelet agita-
tor) to be released for use a few hours later [37]. Each PC 
had a volume of ~ 70 mL with more than 1 × 109 PLTs/mL. 
Upon the release of product (day 0 of storage), for each run 
of study, equivalent ABO- and D-matched pairs of PRP-
PCs were pooled, mixed well and were again split into 
two homogeneous PC units with identical volume, using a 
connecting device instrument under a sterile closed system 
(TSCD-TT, Terumo Sterile Tubing Welder, Japan). One of 
the bag pairs was gamma irradiated (using BioBeam 8000, 
with the radiation source of cesium-137) at 30 Gy with a 
dose rate of 5 Gy/min for 6 min, while its counter pair was 
considered as control and both PCs were then kept for 7 
days at 22 °C with gentle agitation. To collect samples for 
required analyses, on each of the 1st, 3rd, 5th, and 7th days 
of storage, the platelet bags were moved from agitator to 
a sterile hood, in which ~ 5 mL of platelet was taken from 
the cord of bag under sterile condition. The cords were then 
sealed back and the bag replaced in agitator till the next 
collection time. Therefore, on the day 7 of storage the bag 
have the volume of ~ 55mL, which was still at the standard 
limit for random PRP-derived platelets according to AABBs 
standard protocol. For each part of study washed platelets 
were isolated and re-suspended in Tyrode’s buffer (10 mM 

HEPES, 12 mM NaHCO3, 137 mM NaCl, 2.7 mM KCl, 5 
mM glucose, 1 mM CaCl2; pH 7.2–7.4) as described pre-
viously [38]. For western blot analysis, the platelet count 
was adjusted to 1 × 109/mL in Tyrode buffer whereas for 
flow cytometry analysis and MTT assay, platelet count was 
adjusted to 2 × 107 /mL and 3 × 105/mL respectively. The 
study was approved by the local ethical committee.

Cytosolic and mitochondrial proteins analysis using 
the western blotting technique

1 × 109/mL platelets were resuspended in a permeabilization 
buffer containing 100 µg/ml digitonin, 75 mM KCl, 1mM 
NaH2PO4, 8 mM Na2HPO4 and 250 mM sucrose. After 
centrifugation at 16,000 g for 20 min at 4 ºC, the superna-
tants were collected as the cytosolic fractions. Pellets were 
then lysed in a lysis buffer containing 1% Triton-X100, 
0.5mM Na2-EDTA, and Protease Inhibitor Cocktail plus 
PMSF 1mM phenylmethylsulfonyl fluoride (PMSF) for 
30 min on ice. After centrifugation at 16,000 g for 10 min, 
supernatants were used as mitochondrial fractions [39]. For 
setting up the analysis and especially to adjust the optimal 
concentration of digitonin in this study, as an important 
indicator for mitochondrial purity the levels of cytochrome 
c in different fractions obtained from rest platelets (Day 0/
none irradiated platelets with the lowest levels of P-selectin 
expression) were monitored where the highest levels of 
cytochrome c were detected in mitochondrial fraction com-
pared to negligible amount in cytosolic fraction. In addition, 
we also showed insignificant MTT activity in cytosolic frac-
tion compared to its crude mitochondrial pellets suspension 
(without lysis buffer). Equivalent amounts of cytosolic and 
mitochondrial proteins were separated by 12% SDS-PAGE 
electrophoresis, according to the Laemmli method. The gels 
were then electro-blotted onto PVDF membranes. At next 
step, membranes were blocked 1 h with 5% nonfat milk in 
TBS, and probed with specific primary monoclonal antibod-
ies, and HRP conjugated secondary antibody. Membranes 
were then treated with the enhanced chemiluminescence 
reagent, and subjected to the ChemiDoc XRS + system to 
visualize the bands (Bio-Rad Laboratories, Inc. USA). Each 
band then selected by free hand tool where its adjusted 
intensity was calculated with regard to background inten-
sity of the band, all quantified using Image lab software 
(Version 5 build18 from Bio-Rad Laboratories, Inc. USA). 
To achieve similar loading for each fractions, their protein 
concentrations were determined using the Bradford assay 
(homemade: 100  mg Coomassie Blue G250 in 100mL 
ethanol, 100mL of 85% H3PO4, and 800mL H2O) and the 
equivalent amounts (40  µg) of proteins for any samples 
were subjected to 12% SDS-PAGE electrophoresis. Fur-
thermore while for the cytosolic fraction, we measured the 
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Statistical analysis

To compare changes occurring during storage days within 
each group of PC, data were analyzed by the Kruskal–
Wallis with Dunn’s multiple comparison tests. Two-way 
anova with Bonferroni’s multiple comparisons test was 
also applied to compare between irradiated and non-irra-
diated PCs. In addition, due to the paired nature of some 
data (when comparing treated samples with their reference 
control), Wilcoxon matched-pairs signed rank test was used 
for analysis. P values of less than 0.05 were considered to 
be significant, using GraphPad Prism software (GraphPad 
Prism Software, Inc., San Diego, CA, USA).

Results

The changes of cytosolic and mitochondrial 
cytochrome c and pro-apoptotic proteins during 
storage during storage

As shown in supplementary Figure S-1A (the left section of 
the graph), the levels of cytosolic cytochrome c gradually 
increased during 7 days of storage in non-irradiated plate-
lets where the increments were significant on Days 7 of stor-
age (P = 0. 013). Unlike cytosolic cytochrome c, the levels 
of mitochondrial cytochrome c steadily decreased during 
storage in non-irradiated PLTs while its levels were showed 
to be significantly lower than baseline from day 5 of storage 
(P = 0.041). Similar patterns were also detected in gamma-
irradiated platelets throughout the storage period. As shown 
in Figure S-1B ,during storage, a gradual decrease in the 
levels of cytosolic Bak was observed in non-irradiated PCs 
while the cytosolic pro-apoptotic Bak levels indicated to be 
significantly lower than baseline on Days 5 (P = 0.043) and 7 
(P = 0.0039) of storage (left section of the graph). A similar 
pattern of gradual decreasing levels was also detected for 
Bax (data not shown). As shown in the right section of graph 
of Figure S-1B, the level of mitochondrial pro-apoptotic 
Bak gradually increased during storage in non-irradiated 
PLTs where the increments were significant on Days 5 and 7 
of storage (P = 0.048 and P = 0.0025, respectively). A similar 
pattern of gradual increasing levels was also detected for 
Bax during storage (data not shown).

The effect of gamma irradiation on cytosolic and 
mitochondrial levels of cytochrome c

As illustrated in representative blots and corresponding 
tables (Fig.  1A), gamma-irradiated PCs showed higher 
levels of cytosolic cytochrome c compared to non-irradi-
ated samples, which on day 7 of storage this increase was 

housekeeping protein β-actin in each sample as a loading 
control, however, since we did not have an antibody against 
any mitochondrial-specific housekeeping protein (such as 
case Voltage-dependent anion-selective channel protein 
1; VDAC1 or Cytochrome C Oxidase; COX IV), we only 
confined to a protocol of loading the same concentration of 
extracted protein for each samples ( by loading the same 
volume of each sample in the amount of 25µL containing 
40 µg of protein).

Analysis of platelet caspase activity by 
immunofluorescence detection

To analyze the levels of caspase activity, 2 × 107 platelets 
were added into a 96-well plate containing lysis buffer with 
active Caspase-3/7 Substrate N-Ac-DEVD-N’-MC-R110. 
After 30 min incubation, plate was visualized by ChemiDoc 
XRS + system adjusted in fluorescence channel (Bio-Rad 
Laboratories, inc. USA) and fluorescence intensities were 
analyzed with image Lab software (Version 5 build18 from 
Bio-Rad Laboratories, Inc. USA).

Flow cytometry for intraplatelet caspase analysis

As already described [18], APO LOGIX Carboxyfluoros-
cein caspase Detection Kit was applied to examine active 
caspase in living platelets undergoing apoptosis. Further 
details are available on Supplementary Material Appendix 
S1.

Flow cytometry to determine the levels of 
phosphatidylserine (PS)

Platelets were stained with annexin V for 30 min. Cells were 
then immediately subjected to flow cytometer (CyFlow-
Space, Partec GmbH, Germany) where a total of 20,000 
platelet events were acquired. Further details are available 
on Supplementary Material Appendix S1.

Viability/mitochondrial metabolic activity analysis 
using the MTT assay

As already described [18], MTT assay was used to measure 
the mitochondrial metabolic activity of stored platelets. Fur-
ther details are available on Supplementary Material Appen-
dix S1.

QC parameters of PCs

QC parameters were monitored as already described [34], 
(details are available on Supplementary Material Appendix 
S1).
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The effect of gamma irradiation on the levels of 
platelet caspase activity

Based on technique used to detect caspase activity in dif-
ferent platelet products, previous studies have shown an 
increase in caspase activity between day 5 to 7 of platelet 
concentrate storage [22, 34, 40]. Therefore here while as a 
control study, the levels of platelet caspase activity (detected 
by active Caspase-3/7 Substrate N-Ac-DEVD-N’-MC-
R110) in response to either ABT 737 (2 µM) or CCCP (100 
µM) were detected in one day-stored platelets, its levels 
also compared between one-day and 5-day stored platelets 
(either in irradiated or non-irradiated PCs). As showed in 
representative Fig. 4 and its corresponding graph, whereas 
one-day stored platelet in presence of BH3 mimetic agent, 
ABT 737 obviously (~ 5-fold) increased caspase activity, 
as a potent necrotic agent, CCCP moderately (~ 2-fold) 
changed its activation compared to non-treated platelets. 
5-days stored platelets (both irradiated and non-irradiated)  
also showed more than 3-fold increase in caspase activity 
compared to one-day stored platelets, noting that gamma 
irradiation had no increasing effect on caspase activity com-
pared to any corresponding samples.

significant (P = 0.036). Alternatively, representative blots 
and corresponding tables (Fig.  1B) indicated lower levels 
of mitochondrial cytochrome c in irradiated platelets com-
pared to non-irradiated PCs, with a significant decrease 
starting from day 7 of storage (P = 0.032).

The effect of gamma irradiation on the levels of 
cytosolic and mitochondrial pro-apoptotic Bak and 
Bax during storage

As shown in representative blots and corresponding tables 
(Fig. 2A &B), gamma-irradiated PCs showed lower levels of 
cytosolic Bak and Bax compared to non-irradiated samples, 
which on day 7 of storage the observed decrements were 
significant (P = 0.014). Alternatively, representative blots 
and corresponding tables (Fig. 3) indicated higher levels of 
mitochondrial Bak and Bax in irradiated platelets compared 
to non-irradiated PCs, with significant increases observed 
on day 7 of storage. (P = 0.011) for Bax and on either day 5 
(P = 0.048) or 7 (P = 0.0089) of storage for Bak.

Fig. 1  The levels of cytosolic and mitochondrial cytochrome c changes during storage in gamma-irradiated versus non-irradiated platelet concen-
trates. Equal amount of proteins (40 µg) from each cytosolic and mitochondrial fractions were subjected to 12% SDS-PAGE electrophoresis and 
transferred to PVDF for western blot analysis. Bands were visualized by ChemiDoc XRS + system. Each band selected by free hand tool where 
its adjusted intensity was quantified using Image lab software (Version 5 build18 from Bio-Rad Laboratories, Inc. USA). A) shows representative 
western blot image illustrating cytosolic cytochrome c intensities in gamma-irradiated versus non-irradiated PCs on Days 1, 3, 5, and 7 of storage 
with corresponding graph that exhibits and compares its levels during 7 days of storage in irradiated cells (gray) compared to non-irradiated PCs 
(black). Similarly, B also presents representative western blot image and its relevant graph for mitochondrial levels of cytochrome c. Data were 
analyzed by Two-way anova with Bonferroni’s multiple comparisons test. Adj. Vol. (Int); adjusted volume intensity, Irradiated; gamma irradiated, 
ns; not significant p > 0.05, *P < 0.05. n = 10. Data presented as mean ± SD. Note: the actual molecular weight of cytochrome c is 13 KD which was 
corresponded to the range detected by ladder (MW marker from BioBasic)
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The effect of gamma irradiation on PS exposure in 
stored platelets

Previous studies have shown that the significant increase of 
platelet PS exposure begins between day 5 and 7 of PCs 
storage [34, 41]. Given this the effects of gamma irradiation 
on PS exposure were evaluated in this study where did not 
show any significant increasing effects compared to non-
irradiated platelets (Fig. 6A).

The effect of gamma irradiation on platelet viability

The platelet viability during storage was evaluated by MTT 
method. A gradual decrease in soluble formazan (an MTT 
product) during platelet storage were observed in both irra-
diated and non-irradiated platelets, reflecting the steady loss 
of mitochondrial respiration capacity (index of cell viabil-
ity) with a significant fall that started on day 5 of storage 
(P = 0.036 for non-irradiated and P = 0.028 for gamma-irra-
diated platelet; Fig.  6B). As shown in this figure, no sig-
nificant change in the ability of living cells to reduce MTT 
substrate to the formazan is observed between non-irradi-
ated and irradiated PCs.

The effect of gamma irradiation on the levels of 
intraplatelet active caspase in stored platelets

To confirm the above-mentioned results showing no signifi-
cant increasing effect of gamma irradiation on platelet cas-
pase activity, intraplatelet active caspase in irradiated and 
non-irradiated platelets was also analyzed by flow cytometry 
technique. Figure 5A shows the levels of intra-platelet active 
caspase in both groups of control (non-irradiated platelets) 
and gamma irradiated platelets during storage with signifi-
cant increase from day 5 of storage (P = 0.041 and P = 0.02 
respectively). It also compares caspase levels between two 
groups with no significant effects between groups during 
storage. As shown by representative histograms and corre-
sponding graphs (Fig. 5B&C), although gamma irradiation 
slightly increased caspase levels, these increases were not 
significant. However, this increase for day 5 of storage was 
almost higher than day 7, albeit it remained insignificant 
(P = 0.07). As a control study, intraplatelet caspase levels in 
response to ionophore A23187 (5 µM) were also detected in 
irradiated and non-irradiated platelets stored for 5 or 7 days, 
where addition of ionophore to each sample (with 30 min 
incubation time) significantly increased caspase activity.

Fig. 2  The levels of cytosolic Bak and Bax changes during storage in gamma-irradiated versus non-irradiated platelet concentrates. Equal amount 
of proteins (40 µg) from cytosolic fraction were subjected to 12% SDS-PAGE electrophoresis and transferred to PVDF for western blot analysis. 
Bands were visualized by ChemiDoc XRS + system. Each band selected by free hand tool where its adjusted intensity was quantified using Image 
lab software (Version 5 build18 from Bio-Rad Laboratories, Inc. USA). Figure shows representative western blot image illustrating the intensities 
of cytosolic Bak (A) or Bax (B) in gamma-irradiated versus non-irradiated PCs on Days 1, 3, 5, and 7 of storage with their corresponding graphs 
that exhibit and compare their levels during 7 days of storage in irradiated cells (gray) compared to non-irradiated PCs (black). Data were analyzed 
by Two-way anova with Bonferroni’s multiple comparisons test. Adj. Vol. (Int); adjusted volume intensity, Irradiated; gamma irradiated, ns; not 
significant p > 0.05, *P < 0.05. n = 10. Data presented as mean ± SD. Note: the actual molecular weight of Bak and Bax aew 28 and 23 KD respec-
tively, which were corresponded to the range detected by ladder (MW marker from BioBasic)
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Discussion

Although for many years apoptosis was exclusively attrib-
uted to nucleated cells, several lines of evidence indicated 
that it also occurs in platelets where their viability is main-
tained by Bcl-xl pro-survival proteins via restraining the 
pro-apoptotic Bak and Bax proteins [42]. During platelet 
storage, Bcl-xl expression gradually decreases, leading to 
the release of pro-apoptotic Bak/Bax molecules, which once 
released, are translocated to the mitochondrial outer mem-
brane, where they form oligomers causing the permeabil-
ity of the mitochondrial outer membrane (MOMP) and the 
release of cytochrome c from mitochondria. The increased 
level of cytosolic cytochrome c causes the formation of the 
apoptosome complex and the activation of caspase 3, which 
ultimately leads to the proteolysis of the substrates resulting 
in apoptosis [13, 43]. Long-term storage of platelets also 
leads to increased production of ROS, molecules that inter-
fere with apoptosis [25, 26, 44]. Such findings, along with 
numerous observations that indicate the role of ionizing 
radiation, especially gamma rays in increasing ROS genera-
tion [34, 45], draw attention to whether gamma irradiation, 
like other ionized rays, can lead to apoptosis in platelets. 
Therefore, according to these observations, the study pre-
sented here investigated the effect of gamma irradiation 
on platelets where we found higher levels of cytochrome c 
release along with higher mitochondrial pro-apoptotic Bax/
Bak expression in long stored irradiated PCs. However, 
these pro-apoptotic changes did not meet actual apoptotic 

Fig. 4  The effect of gamma irradiation on the levels of platelet caspase activity. (A) shows the representative image of micro-titer plate containing 
1-day stored non-irradiated and gamma irradiated platelet lysate and fluorescence sensitive dye (active Caspase-3/7 Substrate N-Ac-DEVD-N’-
MC-R110) in presence or absence of either ABT 737 (2 µM) or CCCP (100 µM) compared to their corresponding 5-days stored platelets. Table 
also shows samples’ intensities detected by ChemiDoc XRS + system adjusted in fluorescence channel. (B) is a graph that shows different levels 
of caspase activity of abovementioned samples. Here, the black stars and ns shows statistical values compared to Day 1 platelets (non-irradiated) 
and the red stars and ns shows comparisons against Day-1 irradiated platelets, whereas the blue ns shows the comparison between irradiated and 
non-irradiated platelets where analyses made by Wilcoxon matched-pairs signed rank test. PLT; platelet, Adj. Vol. (Int); adjusted volume intensity, 
Irradiated; gamma irradiated, ns; not significant p > 0.05, *P < 0.05 and **P < 0.01. n = 10. Data presented as mean ± SD

 

Fig. 3  The levels mitochondrial pro-apoptotic Bak and Bax during 
storage in gamma-irradiated versus non-irradiated platelet concen-
trates. Equal amount of proteins (40 µg) from mitochondrial fraction 
were subjected to 12% SDS-PAGE electrophoresis and transferred to 
PVDF for western blot analysis. Bands were visualized by ChemiDoc 
XRS + system. Each band selected by free hand tool where its adjusted 
intensity was quantified using Image lab software (Version 5 build18 
from Bio-Rad Laboratories, Inc. USA). Figure shows representative 
western blot image illustrating the intensities of mitochondrial Bak (A) 
or Bax (B) in gamma-irradiated versus non-irradiated PCs on Days 5 
and 7 of storage with their corresponding graphs (C) that exhibit and 
compare their levels during storage in irradiated cells (gray) compared 
to non-irradiated PCs (black). Data were analyzed by Two-way anova 
with Bonferroni’s multiple comparisons test. Adj. Vol. (Int); adjusted 
volume intensity, Irradiated; gamma irradiated, ns; not significant 
p > 0.05, *P < 0.05. n = 10. Data presented as mean ± SD
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Fig. 6  The effect of gamma irra-
diation on the levels of platelet 
PS exposure and viability. A) 
shows representative dotted plots 
and corresponding histograms 
with their relevant graphs which 
compare the levels of platelet 
PS exposure in gamma irradi-
ated versus non irradiated stored 
platelets on days 5 and 7 of 
storage. Graph B shows a gradual 
decrease in soluble formazan (an 
MTT product) during platelet 
storage in both irradiated and 
non-irradiated platelets, reflecting 
the steady loss of cell viability 
with a significant fall that started 
on day 5 of storage. No signifi-
cant change in the ability of liv-
ing cells to reduce MTT substrate 
to the formazan is also observed 
between non-irradiated and irra-
diated platelets. ns; not significant 
p > 0.05, *P < 0.05 and **P < 0.01. 
Data presented as mean ± SD

 

Fig. 5  The effect of gamma irradiation on the levels of intraplatelet active caspase in stored platelets. Here, using APO LOGIX Carboxyfluoroscein 
caspase Detection Kit, intraplatelet active caspase in irradiated and non-irradiated platelets was analyzed by flow cytometry technique. A shows 
the levels of intra-platelet active caspase in both groups of control (non-irradiated platelets) and gamma irradiated platelets during storage with 
significant increase from day 5 of storage analyzed by Kruskal–Wallis with Dunn’s multiple comparison tests. It also compares caspase levels 
between two groups with significant difference observed on day 7 of storage (analyzed by Two-way anova with Bonferroni’s multiple comparisons 
test). B and C also show the representative dotted plots and corresponding histograms with their relevant graphs compare the levels of intraplatelet 
active caspase in gamma irradiated versus non irradiated stored platelets on days 5 and 7 of storage respectively. As a controls, intraplatelet caspase 
levels in response to ionophore A23187 (5 µM) were also detected in irradiated and non-irradiated platelets stored for 5 or 7 days (analyzed by 
Wilcoxon matched-pairs signed rank test). Rad; gamma irradiated, ns; not significant p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 10. Data 
presented as mean ± SD. Note: The MFI ratio represents the ratio of the geometric mean fluorescence of the sample to the corresponding control 
isotype
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plasma alone and it should be noted that keeping platelets in 
such conditions that provide a richer metabolic environment 
may also affect the interpretation of the results.

Previous studies have shown that gamma irradiation, 
by affecting the platelet proteome, leads to some PSL-
dependent alterations, the evidence that is accompanied by 
changes in the redox balance of platelets and an increase in 
intracellular ROS levels [21, 32–34]. Given these findings 
and several studies that made a link between oxidant stress 
and necrotic or apoptotic pathways [26, 50, 51], it is likely 
that gamma irradiation can also affect the platelet apopto-
sis via ROS generation. As shown by Yoshida et al. gamma 
irradiation on rat A7r5 cells can robustly increase intracel-
lular ROS levels within minutes, that able to oxidize mito-
chondrial structural lipids including cardiolipin, a molecule 
that normally plays an important role in the proper function-
ing of the electron transport chain (ECT) in association with 
cytochrome c. Therefore, given that cardiolipin peroxida-
tion by elevated ROS causes the release of cytochrome c 
and mitochondrial ECT dysfunction [45, 51], it is assumed 
that the release of cytochrome c by gamma irradiation-
induced ROS generation may also promote apoptotic path-
ways. Especially since, the increased cytochrome c release 
from mitochondria during storage in turn, also stimulates 
ROS generation due to the ECT dysfunction, that further 
enhances apoptosis [26]. Of course, it is worth noting that 
due to the lack of nuclei in platelets, the above findings may 
not fully correspond to the conditions of platelets, although 
on the other hand, the lack of nuclei of platelets and as a 
result their limited access to sources of reducing enzymes 
and proteins makes them more sensitive to oxidative sig-
nals. Therefore, considering all the facts, we tried for the 
first time to investigate whether gamma irradiation on the 
platelet product can affect the release of mitochondrial cyto-
chrome c and the pro-apoptotic state of platelets and if there 
are any changes, are they at a level to significantly increase 
platelets apoptosis or affect their viability during storage or 
not.

According to our results from day 7 of storage signifi-
cantly higher release of mitochondrial cytochrome c was 
observed in gamma-irradiated platelets compared to non-
irradiated PCs, which was also reflected by significantly 
higher levels of cytosolic cytochrome c in the gamma-
irradiated platelets on day 7 of storage. Interestingly this 
finding was in accordance with our previously published 
observation that showed significantly higher levels of ROS 
generation in longer stored gamma irradiated platelets, that 
confirms Yoshida et al. findings about the effects of gamma 
ray-induced peroxidation of mitochondrial lipids [45] that 
can lead to cytochrome c release [51]. This is also in addi-
tion to the other observations that showed an early impair-
ment of the cellular redox status due to GSH oxidation/efflux 

features evaluated by PS exposure, caspase activity or plate-
let viability. In this regard, at least regarding phosphatidyl-
serine, there are some studies that indicate no significant 
change in its platelet exposure following gamma irradiation 
to stored platelet products [31, 46].

As presented in this study cytosolic cytochrome c gradu-
ally increased in both irradiated and non-irradiated PCs 
during storage with significant raise beginning from day 5, 
while conversely the contents of mitochondrial cytochrome 
c reduced during 7 days of storage with the significant reduc-
tion on day 7. Although similar studies were somewhat indi-
cated such trends [43, 47, 48] of which only the studies by 
Reid et al. fractionated mitochondrial fragments of platelets 
where they showed similar decreasing trend of mitochon-
drial cytochrome c during storage [47]. However, to the best 
of knowledge our study is the first that demonstrated a clear 
mirror counterbalance between cytosolic and mitochondrial 
sources of cytochrome c during platelet storage. In contrast 
to cytochrome c levels, the expression of cytosolic pro-
apoptotic molecules of Bak and Bax gradually decreased 
during storage with the significant reduction started from 
day 5 (versus significant increase of cytochrome c from 
this time point), whereas the levels of their mitochondrial 
source increased during storage in a mirror counterbalance 
with cytosolic levels. Considering other studies, this stored-
dependent mirror trends is expected, since by the progres-
sion of apoptotic pathways with the gradual reduction of 
anti-apoptotic proteins (such as decreasing levels of Bcl-xL 
in platelets [43]), unbound pro-apoptotic molecules of Bax/
BaK are translocated on mitochondrial membrane that lead-
ing to their decreased cytosolic levels versus increases in 
mitochondrial fraction [34, 49]. However notably, to rule 
out discrepant findings, any studies on apoptotic protein 
profiling in platelets should be interpreted by caution as 
fractionation of cytosolic and mitochondrial sources is a 
very important concern for a proper evaluation of anti-apop-
totic and pro-apoptotic proteins during platelet storage. For 
example in a study by Johnson et al., although they showed 
an increasing levels of Bax and Bak expression during stor-
age, since they measured total levels of these pro-apoptotic 
molecules in platelet lysate (without mitochondrial and 
cytosolic fractionation) [38], the results cannot be clearly 
extended to the corresponding levels of BCL-xl which did 
not show any relevant trend. Similarly in the study by Reid 
et al. [47] where they only used mitochondrial fractionation 
kit for cytochrome c, as they did not apply same fraction-
ation strategy for Bak and Bax analysis, a logical trend was 
also not observed during storage, mainly due the fact that 
using total platelet lysate (mixture of mitochondrial and 
cytosolic sources) could not properly show any distinct 
trend. However, it is worth mentioning that in both studies 
platelets stored in a mixture of SSP + and plasma instead of 
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induced by calcium ionophore A23187)[4]. Despite its role 
in necrotic pathway, CCCP per se cannot directly induce 
apoptosis by releasing proapoptotic factors in the same way 
that ABT-737 does, and therefore, it has been suggested 
that its moderate apoptotic function is related to increased 
ROS generation [6] or Cytochrome C leakage from mito-
chondria as a prerequisite of the cytoplasmic apoptosome 
complex which leads to caspase activation [7]. This is a path 
that more closely resembles the conditions created during 
long-term storage of platelets than the pathway mimicked 
by ABT-737. However stored platelet activation cannot 
physiologically or experimentally be differentiated from 
apoptosis, because platelet post-activation generally leads 
to apoptotic events mainly due to induced mitochondrial 
damage by overlapping mechanisms of MPTP formation 
or MOMP function [3]. Therefore, although both ABT-737 
and CCCP are generally used as the cell death and apoptotic 
agents, they may not properly represent physiological pat-
tern of platelet apoptosis that is commonly triggered by Ca 2+ 
influx within platelet activation. This is also come true when 
we are monitoring platelet storage lesion with the sequen-
tial events of platelet pro-aggregatory function (monitored 
by platelet aggregation or PAC-1 binding), platelet granule 
releases (detected by P-selectin/CD40L expression) and 
pro-coagulant state (indicated by PS exposure) which all be 
triggered by Ca2 + influx and finally leads to mitochondrial 
damage and apoptosis [8, 9]. Thereby the closest experi-
mental set up that mechanistically mimics PSL could be the 
treatment of platelets with calcium ionophore A23187 as a 
proper agent that robustly enhances Ca2 + influx and platelet 
activation, which by linking between MTPT- and MOMP-
dependent mechanisms leads to apoptosis [3, 10, 11]. Nota-
bly, in both conditions, whether activation of platelets by 
ionophore or pure apoptosis of platelets by ABT-737, higher 
levels of PS are observed, which albeit are at comparable 
levels, they are partially induced by different mechanisms. 
This means that despite some literature, PS exposure cannot 
be considered as a specific marker of platelet apoptosis [12].

Thereby considering all the facts, for this study two dif-
ferent setups have been designed to evaluate caspase activ-
ity during PSL. In the first setup to monitor different paths of 
cell death leading to caspase activity and compare those with 
what occurs in PSL, we applied CCCP (that mimic MTPT-
dependent death) and ABT-737 ( as an inducer of MOMP-
dependent apoptosis), alongside 5 days-stored platelets (as 
a highest limit for standard storage). Interestingly, for 5-day 
stored platelets, this experimental approach revealed a level 
of caspase activity somewhere between that induced by 
CCCP and ABT-737. Given the most effective concentration 
of CCCP applied for this experiment, our finding of higher 
levels of caspase activity in stored platelets than CCCP may 
indicate the combined involvement of apoptotic pathway 

can trigger the mitochondrial apoptotic signaling [27, 52, 
53]. The observations that are in accordance with our pre-
vious findings where we also showed significant decreases 
in intracellular GSH upon gamma irradiation [34] that may 
precede oxidant-induced apoptosis. Concurrently in this 
study the expression of mitochondrial pro-apoptotic Bak 
and Bax proteins significantly increased on day 7 of storage 
in irradiated compared to non-irradiated products. Higher 
levels of mitochondrial Bak and Bax in irradiated platelets 
than non-irradiated ones suggests that the apoptotic process 
may be accelerated in stored-irradiated PCs, the finding that 
can be supported by previous proteomic studies indicating 
gamma irradiation may exacerbate platelet storage lesion 
[21]. Although other than this observations here, there has 
been no report of increased levels of the pro-apoptotic pro-
teins Bak and Bax in gamma-irradiated PCs yet, the closest 
research to the this study was done by Reid et al. where 
they showed higher levels of Bak and Bax in riboflavin and 
ultraviolet light PRT-treated PCs during storage [47]. This 
is considered the closest study to ours, especially since, 
similar to gamma irradiation, UV illumination to platelets 
was shown to significantly induce oxidative stress in stored 
platelet concentrates [21].

In response to increased mitochondrial pro-apoptotic 
Bak/Bax levels and cytochrome c release, platelet storage 
was shown to be associated with a significant increase in 
caspase activity and PS exposure, which together serve as a 
specific marker of pro-apoptotic shift to an overt apoptotic 
condition [13, 18]. Experimentally, apoptosis and activation 
pathways in platelets can be induced separately from each 
other, but physiologically, it is not easy to separate these 
pathways, and the same is true for PSL. To induce a robust 
and pure MOMP-dependent apoptosis in platelets, they can 
be treated with ABT-737, a BH3 mimetic agent that known 
to have no significant effects on platelet activation detected 
by granule release or integrin activation. This is an exclusive 
experimental pathway for apoptosis, which is induced with-
out significant involvement of platelet-activating signals 
raised by sustained increased Ca 2+ influx [1–3]. Another 
chemical that induces platelet apoptosis and death in a dif-
ferent way is carbonyl cyanide m-chlorophenylhydrazone 
(CCCP), a lipophilic proton shuttling compound which vio-
lates the integrity of proton-impermeable inner mitochon-
drial membrane leading to depolarization and reduced ΔΨm 
in platelets [4]. CCCP also increases ROS generation due to 
the uncoupling effects on oxidative phosphorylation medi-
ated by its proton shuttling mechanism. On the other hand, 
the compound can mimic the function of the mitochondrial 
permeability pore, MPTP which causes activation-depen-
dent necrosis in platelets due to Ca 2+ efflux from mito-
chondria [3, 5] leading to a sustainable increase in cytosolic 
Ca 2+ with a modest PS exposure (although less than that 
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the addition of antioxidant supplements or ROS scavengers 
to gamma-irradiated products can be beneficial to improve 
their quality, particularly at longer storage times.
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