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A B S T R A C T

Background: Bilirubin, a by-product of haem catabolism, possesses potent endogenous antioxidant and platelet
inhibitory properties. These properties may be useful in inhibiting inappropriate platelet activation and ROS
production; for example, during storage for transfusion. Given the hydrophobicity of unconjugated bilirubin
(UCB), we investigated the acute platelet inhibitory and ROS scavenging ability of a water-soluble bilirubin
analogue, bilirubin ditaurate (BRT) on ex vivo platelet function to ascertain its potential suitability for inclusion
during platelet storage.
Methods: The inhibitory potential of BRT (10–100 μM) was assessed using agonist induced platelet aggregation,
dense granule exocytosis and flow cytometric analysis of P-selectin and GPIIb/IIIa expression. ROS production
was investigated by analysis of H2DCFDA fluorescence following agonist simulation while mitochondrial ROS
production investigated using MitoSOX™ Red. Platelet mitochondrial membrane potential and viability was
assessed using TMRE and Zombie Green™ respectively.
Results: Our data shows ≤35 μM BRT significantly inhibits both dense and alpha granule exocytosis as measured
by ATP release and P-selectin surface expression, respectively. Significant inhibition of GPIIb/IIIa expression was
also reported upon ≤35 μM BRT exposure. Furthermore, platelet exposure to ≤10 μM BRT significantly reduces
platelet mitochondrial ROS production. Despite the inhibitory effect of BRT, platelet viability, mitochondrial
membrane potential and agonist induced aggregation were not perturbed.
Conclusions: These data indicate, for the first time, that BRT, a water-soluble bilirubin analogue, inhibits platelet
activation and reduces platelet ROS production ex vivo and may, therefore, may be of use in preserving platelet
function during storage.

1. Introduction

Platelets play a pivotal role in haemostasis, inflammation and
wound repair [1]. Thrombocytopenia or impaired platelet function in-
creases bleeding risk with the transfusion of platelets representing an
important consideration in the treatment of patients [2]. Clinical de-
mand for platelets is primarily met by the provision of room tempera-
ture, liquid stored platelets from public donation [3]. Such platelet
products have a limited shelf-life and report deteriorating quality and
loss of post transfusion function: termed the platelet storage lesion
(PSL) [3]. Deleterious changes to morphological, metabolic and hae-
mostatic characteristics occurs during storage: a shift from typical
resting state phenotype towards one of activation and apoptosis and or

necrosis [3–5]. Declining mitochondrial function is central to the PSL
with loss of mitochondrial membrane potential (Δψm), cytochrome c
release, caspase activation and increased ROS production occurring
[6,7]. In particular, intracellular superoxide production further pro-
motes the PSL, encouraging platelet degranulation, cytokine release
and oxidative damage of key proteins and membranes [5,8,9]. Given
the constant demand for platelet products, interventions that preserve
haemostatic function, can reversibly inhibit platelet activation and at-
tenuate ROS accumulation during storage may be of significant value.

Inclusion of exogenous antioxidant molecules, such as resveratrol,
attenuate aspects of the PSL and preserve haemostatic function [10].
However, to date no investigation of endogenous antioxidants has been
undertaken. Unconjugated bilirubin (UCB) is an endogenous
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antioxidant compound derived from erythrocyte/haem catabolism
[11]. We have previously demonstrated the anti-platelet effects of UCB
and considering the significant superoxide scavenging capacity of bi-
lirubin (BR) based compounds, inclusion of bilirubin may combat both
inappropriate platelet activation and ROS generation during storage
[12–15]. The inclusion of a hydrophilic analogue bilirubin ditaurate
(BRT) is logistically more favourable than unconjugated bilirubin [16].
No studies to date have investigated the anti-platelet effects of BRT.
Therefore, this study determined the impact of acute exposure on pla-
telet function and ROS production, in order to assess potential suit-
ability for inclusion during platelet storage.

2. Materials and methods

2.1. Materials

BRT was purchased from Frontier Scientific Inc. (Logan, UT, USA).
All phlebotomy consumables, Annexin V Binding Buffer, Stain Buffer
(BSA), Compensation Beads (anti-Mouse Ig, κ/Negative Control) and
anti-CD42b-APC (HIP1, 551061), anti-CD42b-PE-Cy5 (HIP1, 551141),
anti-CD62P-PE (AK4 555524), anti-PAC-1-FITC (PAC1, 340507) and
Annexin V-BV421 (563973) were purchased from Becton Dickinson
(Brisbane, Australia). Platelet agonists adenosine diphosphate (ADP),
collagen and arachidonic acid (AA) were purchased from Helena
Laboratories (Melbourne, Australia) with thrombin receptor activating
peptide SFLLRN (TRAP-6) purchased from Haemoview Diagnostics
(Brisbane Australia). CHRONO-LUME® and all aggregation consumables
were purchased from DKSH Australia (Brisbane, Australia) with
MitoSOX™ Red from ThermoFisher Scientific (Brisbane, Australia). Both
MitoSPY™ Green FM and Zombie Green™ Fixable Viability Dye were
purchased from BioLegend (San Diego, USA). All other reagents were
purchased from Sigma Aldrich (Castle Hill, Australia) unless otherwise
stated.

2.2. Human volunteers

Griffith University Human Ethics Committee approval and informed
consent was obtained prior to both recruitment and blood collection
(HREC:2016_605). Volunteers were healthy individuals aged 18–60
years of both sexes with no history of vascular disease, diabetes,
bleeding pathologies, were non-smokers and had not ingested medica-
tions known to perturb platelet function in the prior two weeks. A full
blood examination was undertaken to ensure a normal differential
blood cell profile, as assessed by an AIMS accredited medical laboratory
scientist (AcT5diff CP or DxH 500, Backman Coulter, Brisbane,
Australia).

2.3. BRT preparation

A stock solution of BRT was prepared in DMSO or phosphate buf-
fered saline (PBS) to a final concentration of 10mM. A clear dark or-
ange solution was obtained with the absence of precipitation confirmed
by centrifugation (21500RCF; 5min)[12]. DMSO aliquots were stored at
−80 °C for a maximum of 4 weeks whilst PBS suspended BRT solutions
were prepared immediately prior to experimentation. The maximum
final DMSO concentration in all samples was 0.1% (v/v). Samples were
kept covered to prevent degradation during experimentation.

2.4. Platelet preparation

Blood collection was performed using established methods for pla-
telet functional studies [17]. Briefly, whole blood was collected by
antecubital venepuncture into 0.109M sodium citrate BD Vacutainers™
with the first 4mL discarded [18]. Platelet rich plasma (PRP) was ob-
tained via centrifugation (200RCF brake off, 10min) with the remaining
blood centrifuged (2000RCF, 10min) to obtain Platelet Poor Plasma

(PPP). Platelet isolation from whole blood was undertaken as per
Abcam guidelines with minor modifications (Supplementary Material
1) [19]. All platelet samples were standardised to 1× 108/mL with
HEPES Modified Tyrode's Buffer (HMTB) (138mM NaCl, 5 mM HEPES,
5.5 mM Glucose, 2.6mM KCl, 0.49mM MgCl2, 0.36mM NaH2PO4,
12mM NaHCO3 pH 7.4) unless otherwise stated and left to rest for
30min prior to experimentation. Platelets were incubated with varying
final concentrations of BRT (1, 10, 35 or 100 μM) and solvent vehicle
controls of either 0.1% (v/v) DMSO HEPES Saline (10mM HEPES,
138mM NaCl pH 7.4) or PBS at room temperature (22 °C) for 15min-
utes prior to experimentation unless otherwise stated.

2.5. Dense granule exocytosis

The effect of BRT on platelet dense granule release was examined by
bioluminescence assay [20]. CHRONO-LUME® is routinely used for the
quantification of dense granule ATP release on the CHRONO-LOG®
Model 700 platform (CHRONO-LOG Corporation, PA, USA) [20].
However, inconsistent luminescence values upon calibration with
known ATP standards in solutions containing BRT necessitated adap-
tion to a plate-based assay. Briefly, 15 minute BRT pre-treated PRP was
incubated with CHRONO-LUME® as per manufacturer's instructions,
with luminescence recorded immediately following stimulation with
10 μM or 20 μM TRAP-6 (final concentrations), for a period of 6min
(Infinite® 200 PRO, TECAN, Mannedorf, Switzerland). Peak lumines-
cence values were interpolated from treatment specific ATP standard
curves (0–2 nM). Platelets treated 10 μM PGE1 (final concentration)
served as a positive control for inhibition of ATP release.

2.6. Platelet GPIIb/IIIa receptor upregulation and α granule release

The impact of BRT on platelet activation was investigated using
established flow cytometric methods [20,21]. Briefly, both 15 and
60minute BRT pre-treated PRP was stimulated with a final con-
centration of 10 μM ADP, 20 μM TRAP-6 or no agonist (NA) for
5minutes at room temperature. Subsequently, 50 μL was incubated
with 5 μL anti-CD42b-APC, 2.5 μL anti-CD62P-PE and 5 μL anti-PAC1-
FITC (30min; 22 °C) prior to fixation with 900 μL of 1% (w/v) PFA
HEPES Saline (30min, 22 °C). Samples were diluted 1:1 with stain
buffer and pelleted (800RCF, 10min) prior to resuspension in 250 μL of
stain buffer. Samples were refrigerated at 4 °C prior to analysis by flow
cytometry (SORP LSR II Fortessa - Becton Dickinson, NJ, USA) within
24 hours of fixation. Platelets treated with 10 μM PGE1 (final con-
centration) served as a positive control for inhibition of activation.

2.7. General ROS quantification

The effect of BRT on general platelet ROS production was in-
vestigated using the fluorescent probe H2DCFDA [22]. Briefly, BRT pre-
treated isolated platelets were diluted 1:10 with HMTB (1.8mM CaCl2)
and incubated with 25 μM H2DCFDA (37 °C; 30min). Samples were
treated with a final concentration of 20 μM TRAP-6, 20 μM antimycin or
NA (22 °C; 5min) before 1:5 dilution with HMTB (1.8mM CaCl2) and
immediately assessed via flow cytometry (Guava® easyCyte 5HT – Merk
Millipore, MA, USA).

2.8. Scavenging of mitochondrially targeted superoxide

Mitochondrial ROS production was investigated using the super-
oxide specific fluorogenic dye MitoSOX™ Red [8]. To ensure accurate
interpretation, anti-CD42b-APC and MitoSPY™ Green were used to es-
tablish platelet population and mitochondrial content respectively [23].
Briefly, 60minute BRT pre-treated isolated platelets were diluted 1:10
with HMTB (1.8mM CaCl2), with 100 μL of sample subsequently in-
cubated with 2 μL anti-CD42b-APC and final concentration 50 nM Mi-
toSPY™ Green (15min; 37.4 °C) prior to addition of a final concentration
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of 2 μM MitoSOX™ Red (15min; 37.4 °C). The mitochondrially targeted
antioxidant capacity of BRT was assessed in low, moderate or high
oxidative stress conditions induced by 0.2, 2.0 or 20 μM antimycin
(5min, 37.4 °C) stimulation respectively [24]. Samples were diluted 1:5
HMTB (1.8mM CaCl2) and fluorescence immediately assessed by flow
cytometry (BD SORP LSR II Fortessa). The fluorescence intensity of the
superoxide product (2-OH-Mito-E+) was preferentially analysed via
flow cytometry using UV (355 nm) laser line excitation [24–26]. The
impact of BRT on basal mitochondrial superoxide production was as-
sessed in unstimulated samples. Platelets incubated with 10 μM Mito-
TEMPO (final concentration) served as positive control for scavenging
of mitochondrially derived superoxide [27]. Platelet mitochondrial
membrane potential was investigated concurrently in antimycin un-
treated samples with a final concentration of 10 nM TMRE [24,28].
Samples treated with 50 μM CCCP (final concentration) represent po-
sitive control for loss of platelet Δψm [24,28].

2.9. Platelet aggregation

The effect of BRT on agonist induced platelet aggregation was as-
sessed by light transmittance aggregometry(CHRONO-LOG® Model 700
Aggregometer, CHRONO-LOG Corporation, PA USA). Briefly, BRT pre-
treated platelets were analysed in response to final concentrations of
5 μM ADP, 10 μM TRAP-6, 2 μg/mL collagen or 0.5mM AA [12,20].
Turbidimetric platelet aggregation was calibrated against a PPP control,
including relevant final BRT concentration, representative of 100%
aggregation. Aggregation characteristics were recorded over a period of
6min with all samples analysed in duplicate and magnetic stir bars set
to 1000RPM. Platelets treated with 1mM acetylsalicylic acid (final
concentration) served as a positive control for inhibition of aggregation.

2.10. Platelet viability

The effect of BRT on platelet viability was assessed using the amine
reactive viability dye Zombie Green™. Briefly, isolated platelets were
incubated with varying BRT concentrations for a total of 240minutes.
After 15, 60, 120 and 240minutes a small aliquot was diluted 1:10 with
HEPES Saline and 50 μL incubated with 50 μL of Zombie Green™ (1:250
PBS) and 2 μL of anti-CD42b-PE-Cy5 (30min, 22 °C). Samples were
fixed with 900μL of 1% (w/v) PFA HEPES Saline (30min, 22 °C), diluted
1:1 with stain buffer and pelleted (800RCF, 10min) prior to resuspen-
sion in 250 μL of stain buffer. Samples were refrigerated at 4 °C prior to
analysis within 24 hours of fixation by flow cytometry (Guava®
easyCyte 5HT). Heat treated platelets (75 °C, 15min) served as positive
control for cellular death.

2.11. Phosphatidylserine expression

The effect of BRT on platelet phosphatidylserine expression was
undertaken using Annexin V [29]. Briefly, 60minute BRT pre-treated
isolated platelets were diluted 1:10 with HMTB (1.8 mM CaCl2) with
100 μL subsequently incubated with 2 μL anti-CD42b-APC (15min,
37.4 °C) prior to addition of 4 μLAnnexin V-BV421 (15min, 37.4 °C).
Samples were diluted 1:5 with Annexin V binding buffer and im-
mediately assessed via flow cytometry (BD SORP LSR II Fortessa).
Platelets incubated with 2 μM A23187 (final concentration) served as a
positive control for induction of phosphatidylserine expression [29].

2.12. Flow cytometric instrumentation configuration and analysis
parameters

Please see Supplementary Material 2.

2.13. Statistical analysis

All values are expressed as mean ± standard deviation (SD).

Comparisons between samples from the same volunteer exposed to
different BRT treatment conditions were performed using Repeated
Measures One-way ANOVA and Bonferroni's post hoc tests for para-
metric data. The Friedman's test with Dunn's post hoc test was used for
non-parametric data with normality assessed by the Shapiro-Wailk test.
Statistical analysis was performed using GraphPad PRISM (v8.1.1) and
a p < 0.05 was considered significant

3. Results

We aimed to investigate the acute effects of ex vivo BRT exposure on
platelet function and ROS production. In response to stimulation pla-
telets release both alpha and dense granule contents, quantifiable by
ATP release and P-selectin surface expression respectively, which drives
further haemostatic processes [30].

3.1. Effect of BRT on agonist induced ATP release

The impact of BRT on platelet dense granule exocytosis was eval-
uated by bioluminescence assay. BRT (≥10 μM) significantly reduced
ATP release in response to both 10 μM TRAP-6 (p < 0.01) and 20 μM
TRAP-6 stimulation (p < 0.01) respectively (Fig. 1).

Given attenuation of dense granule exocytosis following BRT ex-
posure, we sought to investigate if alpha granule exocytosis was also
perturbed. P-selectin redistributes from alpha granules and, along with
GPIIb/IIIa expression, is an established marker for platelet activation
[31].

3.2. Effect of BRT on platelet α granule exocytosis

Platelet α granule exocytosis was assessed via flow cytometric
evaluation of ADP or TRAP-6 induced P-selectin expression (Fig. 2).
Both ADP and TRAP-6 induced P-selectin expression were reduced in a
dose dependent manner upon increasing BRT concentrations. ADP in-
duced expression was significantly reduced by 35 μM and 100 μM BRT
exposure following 15 (p < 0.05) and 60 minutes (p < 0.05). BRT
concentrations (≥35 μM) significantly decreased TRAP-6 induced P-
selectin expression following 15minute (p < 0.05) and 60 minute in-
cubation (p < 0.05). BRT reported no statistically significant impact
on basal P selectin expression (Supplementary Material 3).

As platelet granule exocytosis was attenuated following BRT ex-
posure, we sought to investigate if integrin GPIIb/IIIa upregulation was
impacted. Upon activation, GPIIb/IIIa undergoes a conformational

Fig. 1. The effect of acute BRT exposure on agonist induced platelet ATP re-
lease. Data presented as peak concentration following 10 μM TRAP-6 (black
bars) or 20 μM TRAP-6 (grey bars) stimulation. PBS is vehicle. 10 μM PGE1 is
positive control for platelet inhibition. Data are mean ± SD. n= 3. Statistical
significance within agonist concentration treatment compared to PBS vehicle.
*p < 0.05 **p < 0.01 Paired t-test between agonist concentrations for the
same BRT treatment concentration. Significance at *p < 0.05 **p < 0.01.
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change from low to high affinity, allowing fibrinogen binding and
subsequent platelet aggregation [31].

3.3. Effect of BRT on platelet GPIIb/IIIa integrin activation

The effect of BRT on agonist induced platelet integrin GPIIb/IIIa
upregulation was investigated by flow cytometric analysis of PAC-1
fluorescence (Fig. 3). Both ADP and TRAP-6 induced expression was
reduced in a dose dependent manner with increasing BRT concentra-
tions. Specifically, ADP induced PAC-1 expression was significantly
reduced by 35 μM and 100 μM BRT exposure after 15 (p < 0.05) and
60minutes (p < 0.05). Only 100 μM BRT decreased TRAP-6 induced
PAC-1 expression after 15 (p < 0.01) and 60minutes (p < 0.01) of
incubation. 35 μM BRT inhibited integrin GPIIb/IIIa expression after
15minutes of expsoure only. BRT reported no statistically significant
impact on basal GPIIb/IIIa activation (Supplementary Material 3).

Given the central role of ROS signalling in platelet activation,
granule exocytosis, thromboxane A2 synthesis and GPIIb/IIIa upregu-
lation, we sought to examine if the antioxidant properties of BRT, in
addition to perturbing activation, attenuated ROS production [32].
Previous publications have noted the impact of antioxidants on platelet
function and as such we sought to examine both global and mi-
tochondrially derived ROS production [32].

3.4. Effect of BRT on platelet ROS generation

The effect of BRT on general platelet ROS generation was in-
vestigated by analysis of H2DCFDA fluorescence following stimulation
with the 20 μM TRAP-6 or 20 μM Antimycin (Fig. 4). Upon TRAP-6
stimulation 100 μM BRT treated platelets reported decreased DCF
fluorescence (p < 0.05) (Fig. 4A). All treatment conditions sig-
nificantly reduced fluorescence following antimycin induced ROS
generation compared to solvent treatment (p < 0.05), indicating a
vehicle independent mechanism exerted by BRT in the presence of
antimycin induced ROS production. The impact of BRT on mi-
tochondrially targeted superoxide production was then investigated
using the dihydroethidium based fluorogenic dye MitoSOX™ Red
(Fig. 5). Mitochondrially derived superoxide was generated using 0.2, 2
or 20 μM antimycin after antimycin loading to induce low, moderate or
high levels superoxide production. All BRT concentrations reported
decreased fluorescence compared to control (p < 0.01) upon 20 μM
antimycin treatment. BRT reported no statistically significant effect on
basal H2DCFDA or MitoSOX™ Red superoxide product fluorescence.
(Supplementary Material 4).

To investigate if the attenuation of platelet activation by BRT re-
sulted in changes to global platelet function, platelet aggregation and
parameters relating to viability were investigated.

Fig. 2. The impact of 15 (black bars) or 60-minute
(grey bars) BRT treatment on platelet P-selectin ex-
pression following A) 10 μM ADP or B) 20 μM TRAP-6
stimulation. Data reported as fold change of anti-
CD62P-PE MFI of agonist treated over the unagonised
sample from the same treatment condition. Platelets
were identified by characteristics forward and side
scatter parameters with a minimum of 50 000 CD42b
positive events captured. PBS is vehicle. 10 μM PGE1
is positive control for platelet inhibition. Data are
mean ± SD. n= 5 (15 min) and n= 8 (60min).
Statistical significance compared to PBS Vehicle.
*p < 0.05 **p < 0.01.

Fig. 3. The impact of 15 (black bars) or 60 minute
(grey bars) BRT pre-treatment on platelet GPIIb/IIIa
upregulation assessed by PAC-1 expression following
A) 10 μM ADP or B) 20 μM TRAP-6 stimulation. Data
reported as fold change of anti-PAC-1-FITC MFI of
agonist treated over that of the unagonised sample
from the same treatment condition. Platelets were
identified by characteristics forward and side scatter
parameters with a minimum of 50 000 CD42b posi-
tive events captured. PBS is vehicle. 10 μM PGE1 is
positive control for platelet inhibition. Data are
mean ± SD. n= 5 (15 min) and 8 (60min).
Statistical significance compared to PBS vehicle.
*p < 0.05, **p < 0.01.

Fig. 4. The effect of acute BRT exposure on
H2DCFDA fluorescence following stimulation with A)
20 μM TRAP-6 or B) 20 μM antimycin. TRAP-6 and
antimycin treatment used to examine physiological
and mitochondrial ROS generation respectively.
Platelets were identified by characteristic forward
and side scatter parameters with a minimum of
20 000 platelet gated events captured. Data reported
as fold change of H2DCFDA MFI over an unstimulated
sample from the same treatment condition. Vehicle is
0.1% (v/v) DMSO HEPES Saline. Data are
mean ± SD. n= 6 Statistical significance compared
to DMSO vehicle. *p < 0.05, **p < 0.01.
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3.5. Effect of BRT on platelet aggregation

The effect of acute BRT exposure on platelet aggregation was as-
sessed using light transmission aggregometry. Incubation with in-
creasing concentrations of BRT did not affect maximum aggregation in
response to 5 μM ADP, 10 μM TRAP-6, 500 μM AA or 2 μg/mL collagen
(Fig. 6). Platelet aggregation was significantly reduced upon 1mM ASA
treatment in response to ADP and AA stimulation.

To differentiate the attenuation of platelet function reported by

BRT, from that as a consequence of induced toxicity or stress, platelet
viability was investigated.

3.6. Effect of BRT on platelet viability

BRT did not impact platelet viability over 240minutes. Heat treated
platelets reported decreased viability at all time points (Fig. 7 and
Supplementary Material 5).

Although BRT had not effect on viability, we sought to further in-
vestigate mitochondrial membrane potential and phosphatidylserine
expression, as both are critical to haemostatic function [33,34].

Fig. 5. The impact of BRT exposure on platelet mitochondrial superoxide
production in response to induced oxidative stress (20 μM antimycin treatment
grey bars) or basal state (black bars). Platelets were identified by characteristic
forward and side scatter parameters with a minimum of 20 000 CD42b/MSG
positive events captured. PBS is vehicle. 10 μM Mito-TEMPO is positive mi-
tochondrial antioxidant control. Data reported as percentage of CD42b/MSG
events positive for MitoSOX™ Red superoxide product fluorescence. Data are
mean ± SD. n= 4 Statistical significance compared to PBS vehicle.
**p < 0.01.

Fig. 6. The effect of acute BRT exposure on platelet aggregation in response to A) collagen 2 μg/mL, B) ADP 5 μMC) TRAP-6 10 μM or D) Arachidonic Acid 0.5mM
0.1% (v/v) DMSO HEPES Saline is vehicle. 1mM acetylsalicylic acid (ASA) is positive control for inhibition of platelet aggregation. Data are mean ± SD. n= 8.
Statistical significance compared to vehicle within agonist concentration. *p < 0.05, **p < 0.01.

Fig. 7. The impact of acute BRT exposure on platelet viability after 15 (black
bars), 60 (grey bars) or 240minutes (dark grey bars) at 22 °C. PBS is vehicle.
75 °C heat treated platelets is positive control for death. Platelets were identi-
fied by characteristic forward and side scatter parameters with a minimum of
50 000 CD42b positive events captured. Viability reported as percentage of
Zombie Green™ negative platelets. Data are mean ± SD. n= 5. Statistical
significance compared to PBS vehicle. **p < 0.01.
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3.7. Δψm and phosphatidylserine expression

BRT did not affect platelet Δψm or phosphatidylserine expression
(Fig. 8). Treatment with 50 μM CCCP significantly reduced platelet Δψm
(p < 0.01) and treatment with 2 μM A23187 signifigantly induced PS
expression (p < 0.01).

4. Discussion

This study demonstrates that the water-soluble conjugated bilirubin
analogue, bilirubin ditaurate, acutely attenuates both platelet dense
and alpha granule exocytosis and reduces GPIIb/IIIa integrin expression
upon agonist stimulation. Furthermore, BRT reported significant anti-
oxidant capacity in conditions of induced oxidative stress with mi-
tochondrially derived superoxide production attenuated by BRT ex-
posure. Finally, despite attenuation of platelet activity, BRT did not
alter platelet viability or mitochondrial membrane potential, indicating
acute exposure is unlikely to be toxic to platelets.

Platelet granule exocytosis is driven by increased intracellular cal-
cium ion accumulation, resulting in attraction of platelets to sites of
vascular injury; propagating the haemostatic response [35]. ATP, the
major constituent of platelet dense granules is intrinsic to platelet
function [36]. A significant reduction in ATP release following BRT
treatment was reported, indicating impaired dense granule exocytosis
with additional concentrations above 10 μM reporting no further in-
hibition. Moreover, greater ATP release was reported upon stimulation
with increased agonist concentration. Consistent with dense granule
exocytosis inhibition, platelet P-selectin expression was also attenuated
by BRT treatment. P-selectin redistributes from the plasma membrane
of platelet alpha granules to the surface upon activation and is an ac-
cepted marker of platelet activation [37,38]. P-selectin expression was
significantly attenuated, and occurred in a dose dependant manner,
upon TRAP-6 stimulation following exposure to 10–100 μM BRT con-
centrations. ADP induced P-selectin expression was attenuated in a dose
dependent manner, consistent with previously published data where
increasing serum bilirubin concentrations were weakly correlated with
reduced ADP induced P-selectin expression [14]. In addition to at-
tenuation of agonist induced P-selectin expression, platelet GPIIb/IIIa
receptor upregulation following agonist stimulation was also atte-
nuated by BRT treatment. This is consistent with previous reports of
individuals with benign hyperbilirubinemia (Gilbert's syndrome; GS)
report a trend towards decreased GPIIb/IIIa integrin upregulation upon
agonist stimulation [14]. Interestingly, both ADP induced P-selectin
and PAC-1 expression was not significantly attenuated by 10 μM BRT
following 15min, however after 60minutes both were significantly
attenuated. This indicates a time dependent mechanism of inhibition in
which lower concentrations of BRT attenuate platelet activation given
greater exposure time, potentially advantageous in the context of sto-
rage where platelets are stored for up to 5 days [39].

BRT attenuation of platelet granule exocytosis reported here is
consistent with similar reports of inhibition by BR based compounds.
Perturbation of calcium homeostasis and inhibition of nerve terminal

vesicle exocytosis by BR, both through calcium dependent and in-
dependent mechanisms, has been previously reported [40]. BR mod-
ulation of nicotinic acetylcholine receptor function via the PKA
pathway is one hypothesis by which bilirubin may modulate pre-
synaptic neurotransmitter release [40,41]. Concentrations of BR above
3 μM suppressed nicotinic acetylcholine receptor (nAChRα7) channel
current in a non-competitive manner [41]. Platelets express nAChRα7
subunits that form functional Ca2+ channels and increase platelet ag-
gregation in response to ADP and TXA2 [42]. Taken together, potential
attenuation of nAChRα7 function by BRT may go part way to ex-
plaining the reduction in platelet granule exocytosis reported here with
further investigations evaluating direct measures of intracellular cal-
cium accumulation a focus for future work. Taken together these data
support BRT inhibition of granule exocytosis with subsequent impact on
platelet integrin activation.

Despite reported attenuation of platelet granule exocytosis and in-
tegrin upregulation, BRT did not perturb aggregation [43]. This is in-
consistent with previous findings of inhibited aggregation following
antioxidant exposure [12,17,44]. Inducible ROS formation is a key
mechanism by which platelet aggregation occurs [45,46]. We first re-
ported the inhibitory effect of UCB on platelet aggregation in response
to both collagen and ADP in vitro [12]. This is the first report to in-
vestigate the impact of bilirubin ditaurate on platelet aggregation,
showing no effect up to a concentration of 100 μM. Although results of
global ROS attenuation following TRAP stimulation support BRT ac-
tivity like that of UCB, work is required to further examine differences
in platelet aggregation results seen. However, inclusion of antioxidants
during platelet storage reports preserved aggregation characteristics,
highlighting the multifaceted, and incompletely understood mechan-
isms by which oxidative processes within platelets occur [10]. Although
the unremarkable impact of BRT on platelet aggregation may be ad-
vantageous, to combat inappropriate platelet activation during storage,
future studies should study the impact of BRT on additional measures of
platelet function.

Linear tetrapyrroles are potent antioxidants therefore any noted
attenuation of platelet activation may be a result of such antioxidant
capacity [15,47,48]. Inhibition of platelet ROS activity, either through
pharmacological agents or genetic deletion of key proteins, demon-
strates significant inhibitory effects, both in vitro and in vivo
[32,46,49,50]. Bilirubin inhibition of NOX subunit assembly and su-
peroxide production, along with direct and potent scavenging of the
superoxide radical cation, strongly supports an effect of bilirubin on
ROS production at mildly elevated physiological concentrations
[15,48,51,52]. This is consistent with results reported here where BRT
attenuated ROS (including superoxide) generation. Non-specific ROS
generation was investigated using H2DCFDA fluorescence upon stimu-
lation with various agonists in order to assess the multiple sources of
ROS within platelets [53]. ROS production under these conditions was
significantly attenuated by both 100 μM BRT pre-treatment. Upon an-
timycin stimulation, which blocks Q cycling within Complex III thus
producing superoxide [54], all BRT concentrations attenuated ROS
generation indicating a mitochondrially targeted mechanism of action.

Fig. 8. The effect of acute BRT exposure on platelet
A) Δψm and B) PS expression following. Vehicle is
PBS. 50 μM CCCP is positive control for loss of Δψm.
2 μM A23187 is positive control for PS upregulation.
Platelets were identified by characteristics forward
and side scatter parameters with a minimum of
20 000 CD42b/MSG positive events captured for (A)
and 50 000 CD42b positive events captured for (B).
Data presented as A) TMRE MFI fold change over
control or B) percentage of Annexin V positive pla-
telets. Data are mean ± SD. n= 4 Statistical sig-
nificance compared to PBS vehicle **p < 0.01.
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This was confirmed where BRT treatmentreduced MitoSOX™ Red oxi-
dation product (2-OH-MitoE+) positive platelets in addition to redu-
cing DCF fluorescence upon antimycin stimulation. The scavenging
capacity of BRT, and other bilirubin derivatives, towards superoxide is
well established [52,55]. Such characteristics may be considered ad-
vantageous in translating BRT for inclusion during platelet storage
where ROS accumulation and degradation of mitochondrial stability is
noted [9,56–58]. To date a number of studies have investigated ROS
generation in platelets during storage [8,9,56–59]. Villarroel et al. re-
ported intracellular mitochondria superoxide generation increased
substantially on day 3, peaking after 5 days of storage [8]. This is
consistent with the findings of Skripchenko et al. and Ghasemzadeh
et al. who demonstrated increased ROS generation in platelets stored
over 7 and 5 days respectively [56,57]. Therefore, it is not surprising
that inclusion of antioxidants during storage preserves haemostatic
function and attenuates of pro-apoptotic phenotype generation
[9,10,60–65]. These data, therefore, provide an appropriate justifica-
tion for testing the efficacy of BRT in stored platelet products.

The impact of BRT on platelets reported here, is unlikely to be result
of cytotoxicity. Platelet viability was not affected over 240minutes,
contrary to previous work indicating a shift towards a pro-apoptotic
phenotype upon UCB treatment of platelets [66]. Rangappa et al. re-
ported reduced mitochondrial membrane potential, upregulation of PS
and increased ROS production upon treatment of platelets with high
(50–300 μM) concentrations of UCB in vitro [66]. Unconjugated bilir-
ubin may induce cytotoxicity through a mitochondrially dependent
mechanism, as reported in HCT15 cells [67]. In both platelets and
HCT15 cells, UCB treatment reported mitochondrial membrane per-
turbation and upregulation of caspase activity [66,67]. However, BRT
treatment failed to alter HCT15 cell viability or perturb of mitochon-
drial membrane potential in the study by Keshavan et al., with Ran-
gappa et al. only investigating UCB and not including BRT [66,67]. A
possible explanation for this divergent effect might be related to the
hydrophilic nature of BRT, versus hydrophobic nature of UCB, and as
such may influence cellular and absorption and distribution [68]. De-
spite the differences in hydrophobicity between UCB and BRT, BRT did
not perturb mitochondrial membrane potential or induce platelet death
in this study. However, BRT treatment did not significantly increase
platelet viability compared to control or vehicle, indicating that al-
though not directly cytotoxic, BRT viability appears indifferent over
240 minutes. However, further assessment of viability in a model of
platelet storage, where longer exposure times would be investigated, is
required.

4.1. Limitations

The experimental design of this study aimed to assess the acute
effects of BRT on platelet activation and functional responses, with
viability assessed over a priod of 240 minutes. It should be acknowl-
edged that although the current data demonstrate inhibition of platelet
activation and ROS production by BRT, which could be of potential
utility within conditions of storage, they do not accurately reflect the
storage conditions employed clinically (i.e. in terms of storage duration,
inclusion of platelet storage solutions/buffers, use of agitation and
oxygen permeable storage bags). Future studies are required to de-
termine the efficacy of BRT use in relevant storage conditions and
whether inhibition might be reversible, which would provide a stronger
basis for use in clinical practice.

5. Conclusion

This is the first study to investigate the impact of BRT on ex vivo
platelet function. Acute BRT platelet exposure attenuated ROS pro-
duction and perturbed granule exocytosis with inhibition of integrin
activation following agonist stimulation. Platelet aggregation was not
affected by BRT treatment which also did not induce cytotoxicity or

perturb mitochondrial membrane potential. The precise mechanism by
which BRT acts on platelets remains to be elucidated however, these
data taken together indicate significant antioxidant scavenging upon
induced oxidative stress and reductions in granule release and activa-
tion upon agonist stimulation. These results form a sound rationale for
testing the efficacy of BRT in stored platelet products, with the aim of
preserving function.
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