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Abstract

Background: Platelets (PLTs) differ in glycolytic activity, resulting in rapid

acidification of ‘poor’ storing PLT concentrates (PCs) in plasma, or depletion

of glucose when stored in PLT additive solution (PAS). We aimed to under-

stand why PLT glycolysis rates vary between donors and how this affects stor-

age performance.

Study Design and Methods: Buffy coats from donors <45, 45–70 and

>70 years were selected and single-donor PCs in plasma or PAS-E were pre-

pared. PCs were stored for 8 days at 22 ± 2°C and sampled regularly for analy-

sis. Mitochondrial activity was analyzed with an Oroboros oxygraph. Age

groups, or subgroups divided into quartiles based on glucose consumption,

were analyzed with ANOVA.

Results: In each comparison, PCs of the different groups were not different in

volume and cellular composition. PLTs with the highest glucose consumption

had a higher initial mean platelet volume (MPV) and developed higher CD62P

expression and Annexin A5 binding during storage. Higher glycolytic activity

in these PLTs was not a compensation for lower mitochondrial ATP produc-

tion, because mitochondrial ATP-linked respiration of fresh PLTs correlated

positively with MPV (R2 = 0.71). Donors of high glucose-consuming PLTs had

more health-related issues. Storage properties of PCs from donors over 70 were

not significantly different compared to PCs from donors younger than

45 years.

Conclusions: High glucose-consuming PCs developing higher activation

levels, not only displayed enhanced mitochondrial activity but were also found

to contain larger PLTs, as determined by MPV. Storage performance of PLTs

was found to be associated with donor health, but not with donor age.
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1 | INTRODUCTION

Platelet (PLT) concentrates (PCs) are continuously subject
to monitoring and quality improvement due to their key
role in patient care. Previously we have shown that storage
performance of PLTs is donor dependent and we suggested
that health-related issues of the donor might be involved.1

We also observed larger detrimental storage lesion effects
and larger variation in storage properties of PLTs from
donors older than 45 years compared to young donors,2

and concluded that poor storability of PLTs was associated
with donor age. Poor storing PLTs had higher glycolysis
rates, resulting in more accumulation of lactate and subse-
quent acidification of the medium, accompanied by faster
alpha-granule release, loss of mitochondrial membrane
potential (MMP) and morphological integrity.1,3 Given the
fact that in the Netherlands the median age of the donor
population is 44 years, and recently the maximum age for
donation was increased from 69 to 79 years, a broader
characterization of PLTs from older donors is warranted.

One observation was a difference in oxygen tension
between ‘good’ and ‘poor’ storing PCs: the ‘good’ PCs
showed only a decrease of 1 mmHg in mean pO2 over the
first 4 days of storage while the ‘poor’ PCs decreased
9 mmHg in pO2,

1 suggesting a higher oxygen demand in
‘poor’ PCs and higher mitochondrial activity. However, it is
difficult to assess oxygen consumption by PLTs simply from
blood gas measurements of PCs. Respiration of PLTs has
been studied with high-resolution respirometry4 or by extra-
cellular flux analyzers.5 Interestingly, Sjövall et al4 reported
respiration levels of intact PLTs in PBS or plasma, linearity
with PLT concentration, positive correlation of baseline respi-
ration with donor age and declining respiration after 72 h
storage of the whole blood vials. We also used high-resolution
respirometry to assess oxygen consumption by PLTs stored
under blood bank conditions in the current study.

We assessed the quality of PLTs during storage, stratify-
ing donors by age groups or glucose consumption rates. We
focused on the relationship between PLTstorage quality
parameters such as oxygen tension, CD62P and phosphati-
dylserine (PS) exposure with demographic characteristics,
plasma lipid profiles and health-related issues of donors.
Additionally, mitochondrial activity was assessed during
storage.

2 | METHODS

2.1 | Single buffy coat PCs in plasma
(study 1)

Whole blood in citrate–phosphate-dextrose (CPD,
500 ml) was collected and separated after an overnight

holding period at room temperature. Consent from the
donor to use their BC and medical information was part
of the questionnaire and is covered by European privacy
regulations. Buffy coats (BCs) of male donors >45 years
were selected and used to prepare a single-BC PC (sPC)
in plasma, as described earlier in detail.2,6 To create a
small range in PLT concentration (0.8–1.1 � 109

PLT/mL) and total amount of PLTs (60–80 � 109), and
not to exceed the storage capacity of the 600 ml PVC-
DEHP container (P4201, Fresenius Bad Homburg,
Germany), PLT concentration and total amount were
lowered if necessary by removing PLTs and/or by adding
autologous plasma. PCs with PLT concentrations and/or
total amount below this range were excluded from the
study. The sPCs in plasma were stored at 22 ± 2°C on a
flatbed shaker and sampled for in vitro measurements on
Day 1 and 8. On day 1 a plasma sample was frozen and
stored at �30°C. An overview of the studies is given in
Table 1.

2.2 | Single buffy coat PCs in PAS-E
(study 2)

During our studies, our blood center changed to prepare
pooled PCs from 5 BCs in plasma to PAS-E, aiming for
less activation of PLTs during storage7 and decrease of
transfusion reactions,8 so the next studies were per-
formed with PLTs in PAS-E. After selection of BCs from
both male and female donors >45 years, sPCs were pre-
pared, but BCs were diluted with 60 ml PAS-E (T-PAS+,
TerumoBCT, Lakewood, CA) instead of plasma and the
centrifugation spin of the cell suspension was more gen-
tle due to lower viscosity (153 � g, 5 min). Lowering of
PLT concentrations was done by dilution with a mixture
of 65% PAS-E and 35% AB-plasma. The sPCs with PLT
concentrations and/or numbers below the lower limits of
0.8 � 109 PLT/mL or 58 � 109 PLT/unit were excluded
from the study. Single-donor PCs were stored and fre-
quently sampled to perform the in vitro measurements
(Table 1). On day 1, a supernatant sample was obtained
from the BC residue which was frozen and stored at
�30°C.

2.3 | PCs in PAS-E from donors over
70 years (study 3)

To investigate PLTs from donors of 70 years and older,
study 2 (that included two donors >70 years) was
extended. Another 85 sPCs in PAS-E were prepared,
obtained from donors over 70 years (group D), and
donors 18–30 years (group A) and 31–45 years (group B)

2610 BONTEKOE ET AL.
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that served as controls. Together with sPCs from donors
45–69 years of study 2 (group C), four age groups could
be compared. The same preparation process and storage
conditions as described above were applied, and PCs
were frequently sampled.

2.4 | In vitro analysis of platelet
concentrates

After weighing to determine the volume and judgment of
the swirling effect, the sPCs were sampled aseptically for
assessment of pH, blood gases, glucose, lactate, PLT con-
centration and mean PLT volume (MPV), as described
earlier.2 Glucose consumption and lactate production
rates were calculated between day 1 and 8 for sPCs in
plasma (which were not sampled on Day 4) and between
day 1 and 4 for sPCs in PAS-E, to avoid underestimation
of the real glucose demand, while some PCs were glucose
depleted on day 8. In study 3, also the immature PLT
fraction (IPF) was measured using a Sysmex XN1000
(Sysmex, Kobe, Japan) that uses their high fluorescence
intensity due to higher mRNA content and large size9 for
determination. PCs with a pH <6.5 on day 8 were
checked for bacterial contamination with the BacT/Alert
system (Biomerieux, Ettten-Leur, the Netherlands).

2.5 | Flow cytometric assays

Expression of the PLT activation marker CD62P, externali-
zation of PS as marker for apoptosis, and a measure of the
MMP with the fluorescent dye JC-1, was assessed using
flow cytometric assays, also formerly described.2 Mitochon-
drial content was analyzed on Day 2 (study 3) using Mito-
Tracker Green FM (Invitrogen, Waltham, MA), a
mitochondria-specific dye for living, non-permeabilized
cells. Details of the assay are given in the supplemental
information Final analysis of all assays was done with a
FACSCanto II flow cytometer (BD Biosciences). To detect

the Mitotracker signal the MFI of the FL1 detector was
used, which was clearly distinguishable from the blanks.

2.6 | High-resolution respirometry

Mitochondrial oxygen consumption was measured using
a high-resolution respirometer (Oxygraph O2k, Oroboros
Instruments, Innsbruck, Austria). On Day 2 and 9, sam-
ples from the sPCs in PAS-E (study 2) were adjusted to
PLT concentrations of 300 � 109/L with a mixture of 65%
PAS-E and 35% AB-plasma, based on cell counts of the
day before, thereby adding glucose (6 mmol/L) and other
nutrients. The PLT concentration in the chamber was
based on pilot experiments that showed that this PLT
concentration was optimal to obtain the highest possible
signal-to-noise ratio without the need for reoxygenation.
All experiments were performed at O2 concentrations
>50 μM and there was no need to raise the chamber stop-
per for reoxygenation during any test run. Further details
and a representative graph of an experiment are given in
the supplemental information.

On day 2, just before the standardized measurements
of the oxygen consumption, also the oxygen tension in
the storage container was determined with the blood gas
analyzer (Radiometer ABL90). In addition, selected
extracts of PCs of study 2 were analyzed with high-
performance liquid chromatography (HPLC) to assess the
level of nucleotides, as described earlier in detail.1

2.7 | Analysis of lipid profile

The lipid profile was determined from the frozen plasma
samples (study 1) and PAS-E diluted plasma samples
from the BC residues (study 2 and 3). Total cholesterol,
HDL-C and triglycerides were measured as described.2

Turbidity of the undiluted plasma samples was also given
by the analyzer as a lipemic index and abnormal levels
(>50) were registered.

TABLE 1 Summary of studies performed with buffy coat-derived single-donor platelet concentrates, and special assays

Study 1a Study 2 Study 3

Donors >45 yrs >45 yrs 18–30, 31–45, >70 yrs

Storage medium Plasma PAS-E 65%/plasma 35% PAS-E 65%/plasma 35%

Sampling Day 1, 8 Day 1, 4, 8 Day 1, 4, 8

Special assays MMP MMP, oxygraphy
(Day 2, 9), pO2 (Day 2)

MMP, IPF (Day 1), mitotracker (Day 2),
pO2 (Day 2)

Abbreviations: IPF, immature platelet fraction; MMP or JC-1 ratio, mitochondrial membrane potential; PAS-E, platelet additive solution type E.
aMale donors only.

BONTEKOE ET AL. 2611
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2.8 | Statistical analysis

Data were divided in quartiles, based on the consumption
rate of glucose (Microsoft Excel). The resulting quartiles
of each variable were compared using a one-way ANOVA
followed by a Tukey–Kramer multiple comparison post-
test (Instat version 3.06, GraphPad, San Diego, CA). In
case of a non-normal distribution in one or more quar-
tiles, a Kruskal-Wallis analysis was performed combined
with Dunn's post-test. The same analysis tools were used
to compare the four age-groups. The categorical out-
comes of health-related issues in the four quartiles or age
groups, were analyzed with a chi-square test (Prism ver-
sion 8.0.2, GraphPad). A p-value <.05 was considered
significant.

3 | RESULTS

3.1 | Composition of sPCs and basic
analyses

Fifty-eight sPCs in plasma and 24 sPCs in PAS-E of
donors >45 years, were divided into quartiles based on
glucose consumption (Q1 through Q4, Figure 1). This
resulted in each study in four groups that were similar
in volume or PLT content (Table S1, supplemental
information; Table 2). Glucose consumption ranged
from 0.038–0.269 (median 0.10) and 0.038–0.164
(median 0.08) mmol/day/1011 PLTs for sPCs in plasma
and PAS-E respectively, yielding a factor 7.1 and 4.3
maximum difference among these individual donors.
Glucose depletion on Day 8 in PAS-E was observed in
4/6 and 6/6 sPCs of Q3 and Q4 respectively. None of
the sPCs with pH <6.5 were contaminated with
bacteria.

3.2 | High glucose-consuming PLTs are
larger

On day 1, most variables of PCs in plasma were similar
between the four quartiles (Table S1). However, Q1 and
Q2 PCs, which consumed the least glucose during stor-
age, contained significantly smaller PLTs based on MPV,
than those in Q4 (Figure 2A). The same differences were
observed in PLT distribution width and PLT large cell
ratio (data not shown). An indication of higher oxygen
demand of these high glucose consumers of Q4 was
found in the lower oxygen tension in the storage con-
tainer, already on day 1 (Figure 2B). A clear trend was
observed after 7 days of storage from Q1 to Q4 with
respect to pH decrease, swirling effect and JC-1 ratio as
well as a significant increase of lactate levels, swelling of
PLTs, CD62P positive cells and Annexin A5 binding
(PS exposure, Table S1). On Day 8, a pH <6.5 was
observed in 2/14 and 14/15 sPCs of Q3 and Q4
respectively.

For PLTs in PAS-E, most PC variables showed no dif-
ferences between the four quartiles on day 1 (Table 2).
The MPV of PLTs in Q1 was again lower than in Q4
(Figure 3A), also on day 1, which was confirmed by the
forward scatter histograms obtained in the JC-1 assay
(data not shown). Also, the oxygen tension showed com-
parable differences with significantly lower values on day
1 and 2 in Q3 and Q4 (Table 2). Because a single mea-
surement, like in study 1, can only give an indication of
differences in oxygen consumption, these differences
could be proven here because two measurements were
performed in close succession. During overnight storage,
a larger drop in oxygen was observed in Q4 (Figure 3B),
clearly demonstrating the higher oxygen demand of these
larger PLTs. Corresponding with glucose consumption,
from Q1 to Q4, higher lactate levels and lower pH values
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FIGURE 1 Glucose consumption in single-donor PC from donors older than 45 years, stored in plasma (A, n = 58) or in PAS-E (B,

n = 24) and divided in quartiles (individual data). Variation was larger in PLTs in plasma (A) compared to PLTs in PAS-E (B), which

contains also acetate as a substrate for PLTs
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TABLE 2 Storage variables of single-donor PC in PAS-E after division in quartiles, based on glucose consumption (mean ± SD, n = 24)

Variable Day
Quartile 1 Quartile 2 Quartile 3 Quartile 4
n = 6 n = 6 n = 6 n = 6

Volume, mL 1 66 ± 7 67 ± 5 69 ± 4 69 ± 4

PLT, �109/L 1 1068 ± 16 1068 ± 20 1063 ± 36 1052 ± 60

PLT, �109 1 71 ± 7 72 ± 6 74 ± 6 73 ± 7

WBC, �109/L 1 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.01 ± 0.01

pH, 37°C 1 7.10 ± 0.02a 7.08 ± 0.02 7.07 ± 0.02a 7.09 ± 0.01

4 7.01 ± 0.04f 6.96 ± 0.05h 6.86 ± 0.06 6.77 ± 0.08f,h

8 6.92 ± 0.04e 6.82 ± 0.11 6.68 ± 0.12 6.63 ± 0.03e

Bicarbonate, mM 1 7.8 ± 0.7 8.3 ± 0.4 8.4 ± 0.4k 7.6 ± 0.3k

4 7.9 ± 0.6f 8.0 ± 0.5j 7.2 ± 0.4l 6.1 ± 0.5f,j,l

8 6.8 ± 0.7b,f 6.2 ± 1.3g,j 4.5 ± 1.1bg 3.6 ± 0.2f,j

pO2, mmHg 1 133 ± 7 138 ± 7h 124 ± 6 123 ± 11h

2 60 ± 19e 64 ± 14f,j 38 ± 8f 28 ± 10e,j

4 23 ± 18 17 ± 4g 15 ± 3g 15 ± 1

8 36 ± 23b,d 19 ± 6 13 ± 3b 15 ± 4

pCO2, mmHg 1 25.4 ± 2.8 28.2 ± 2.5 29.0 ± 1.6k 25.2 ± 1.8k

4 31.5 ± 3.0c,f 35.9 ± 1.8h 40.8 ± 3.5c 42.1 ± 4.0f,h

8 33.1 ± 3.3f 37.3 ± 2.0 37.5 ± 2.8 33.4 ± 3.0

Glucose, mM 1 7.5 ± 0.5 7.9 ± 0.7 7.5 ± 0.6 7.4 ± 0.4

4 6.0 ± 0.4a,f 6.0 ± 0.8j 4.7 ± 0.7a 3.7 ± 1.1f,j

8 3.3 ± 0.3a,f 2.4 ± 1.5h 0, 0-2.9a 0, 0-0f,h

Consumption* 1–4 0.05 ± 0.01a,f 0.07 ± 0.00h 0.09 ± 0.01a 0.13 ± 0.02f,h

Lactate, mM 1 2.8 ± 0.6 3.0 ± 0.5 3.0 ± 0.6 2.7 ± 0.3

4 5.0 ± 0.3a,f 5.9 ± 0.4h 7.1 ± 0.5a 9.3 ± 0.8f,h

8 10.0 ± 1.2c,e 12.4 ± 2.2 15.4 ± 2.7c 14.4 ± 0.9e

Production* 1–4 0.07 ± 0.02a,f 0.09 ± 0.02h 0.13 ± 0.02a 0.21 ± 0.02f,i

MPV, fL 1 8.8 ± 1.0j 9.5 ± 0.5 9.6 ± 0.4 10.0 ± 0.6j

4 8.8 ± 0.5e 9.3 ± 0.5 9.4 ± 0.4 10.1 ± 0.6e

8 10.2 ± 0.8d 10.4 ± 0.8 10.9 ± 0.8 11.8 ± 0.5d

Swirling, score 1 3 ± 0 3 ± 0 3 ± 0 3 ± 0

4 3 ± 0 3 ± 0 3 ± 0 3 ± 0

8 3.0 ± 0.0d 2.8 ± 0.4 2.8 ± 0.4 2.0 ± 0.4d

JC-1, ratio FL2/FL1 1 4.5 ± 0.7 4.1 ± 1.2 3.8 ± 0.9 4.8 ± 0.7

4 2.2 ± 1.4 2.5 ± 1.0 2.0 ± 1.0 2.9 ± 0.6

8 1.2 ± 0.4 1.1 ± 0.3 0.9 ± 0.1 0.7 ± 0.2

CD62P expr, % 1 3.6 ± 2.5 4.6 ± 4.2 5.3 ± 3.7 2.3 ± 2.4

4 7.6 ± 2.1 10.1 ± 2.9 8.5 ± 2.1 9.6 ± 3.7

8 17.0 ± 3.5e 19.2 ± 3.9i 23.8 ± 10.2 32.8 ± 6.6e,i

Annexin A5 binding, % 1 3.4 ± 0.7 4.5 ± 2.3 4.6 ± 1.9 3.9 ± 0.8

4 8.7 ± 1.9 9.8 ± 2.2 9.0 ± 1.0 12.2 ± 3.5

8 29.1 ± 4.3f 30.9 ± 6.2i 33.3 ± 4.9l 48.8 ± 11.2f,i,l

*mmol/day/1011 PLT; Q1 vs. Q2: not significant; Q1 vs. Q3: ap <.05, bp <.01, cp <.001; Q1 vs. Q4: dp <.05, ep <.01, fp <.001; Q2 vs. Q3: gp <.05; Q2 vs. Q4:
hp <.05, ip <.01, jp <.001; Q3 vs. Q4: kp <.05, lp <.01 (one-way ANOVA).

BONTEKOE ET AL. 2613
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were observed already on day 4, but differences in CD62P
expression and Annexin A5 binding were significant on
day 8 only (Table 2).

Our results so far indicated that high glucose-
consuming PLTs were larger, and considering that imma-
ture PLTs are of larger size,7 we hypothesized that high
glucose consumption by PLTs is associated with a higher
IPF, and the IPF in each age category was analyzed. IPF
was lower in the two lower quartiles, although the
applied test did not detect a statistical difference between

Q1 and Q4, and higher in the two upper quartiles
(Figure 3C, other data not shown).

3.3 | Oxygen demand is correlated
with MPV

Results of respiration measurements on fresh and stored
PLTs are given in Table 3. On day 2, the baseline respira-
tion showed a trend towards an increasing O2 flux.
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Baseline respiration of Q4 PLTs was on average 12%
higher than in Q1, consistent with the differences in oxy-
gen tension in the PCs. Maximal respiration of Q4 PLTs

was 24% higher than in Q1, indicating that these PLTs
had a larger respiratory reserve capacity, probably due to
a larger mitochondrial compartment and/or larger
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FIGURE 4 (A) Correlation of basal (●, R2 = 0.72, p < .0001), ATP-linked (Δ, R2 = 0.78, p < .0001) and maximal (■, R2 = 0.54, p < .0001)

respiration with MPV, as measured with high-resolution respirometry in single-donor PCs in PAS-E of study 2; (B) correlation of ATP-linked

respiration, as measured with high-resolution respirometry, with glucose consumption during storage of PCs in PAS-E (R2 = 0.22, p < .05). All

individual data. (C) Adenylate energy charge of Q1 (●) and Q4 (■);(mean ± SD). (D) Mean fluorescence intensity of MitoTracker green stained

PLTs after division of single-donor PCs in PAS-E of study 3 in quartiles, based on glucose consumption (mean ± SD)

TABLE 3 Respiration of fresh

(day 2) and stored (day 9) platelets

suspended in 65% PAS-E and 35%

plasma, as measured with

high-resolution oxygraphy at 37°C

(mean ± SD in pmol/s ml, n = 24)

Variable Day Quartile 1 Quartile 2 Quartile 3 Quartile 4

Baseline 2 30.9 ± 4.0 32.3 ± 2.3 34.1 ± 3.5 34.5 ± 2.6

9 28.2 ± 5.3** 32.7 ± 5.4 31.1 ± 3.8 26.3 ± 5.0**

Oligomycin 2 5.1 ± 1.2 4.8 ± 1.0 5.1 ± 0.7 4.3 ± 1.7

9 7.8 ± 3.5 6.7 ± 1.3 9.0 ± 5.7 6.1 ± 2.4

Maximal 2 69.2 ± 9.4 74.4 ± 7.2 74.2 ± 10.5 85.8 ± 9.0*

9 56.3 ± 12.1** 67.7 ± 7.0** 57.7 ± 6.7** 56.3 ± 9.0**

Titrations FCCP, n 2 4.8 ± 1.0 4.2 ± 1.2 4.2 ± 1.3 4.0 ± 0.6

9 3.0 ± 1.6 2.8 ± 0.4 2.5 ± 0.8 1.8 ± 0.4*

Antimycin 2 1.2 ± 0.2 0.4 ± 0.8 0.9 ± 0.5 0.8 ± 0.9

9 2.2 ± 1.0 1.4 ± 0.5 1.6 ± 0.7 2.1 ± 0.7

*p < .05 vs. Q1 (ANOVA).**p < .05 vs. day 2 (t-test).
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respiratory chain. In contrast, from Q1 to Q4, there was a
(non-significant) trend to a lower dose of the uncoupling
agent FCCP to reach maximal respiration.

Moderate to good correlations were found between
MPV and baseline oxygen consumption, maximal respi-
ration and ATP-linked respiration, respectively. This
demonstrates that the, on average, larger PLTs use more
oxygen and use that oxygen for ATP synthesis. Correla-
tion between ATP-linked respiration and glucose con-
sumption was weak but significant (Figure 4A, B).

At the end of storage, the baseline respiration on Day
9 in Q1 and Q4 had been significantly reduced, on aver-
age by 9% and 23%, respectively (Table 3). Maximal respi-
ration was decreased in all groups, ranging from on
average 9% in Q2 to 34% in Q4, indicating that all PLTs
lost a part of their mitochondrial content or respiratory
chain enzymes. The storage lesion or glucose depletion
caused the largest loss of respiratory capacity in Q4 PLTs,
which was not restored at 37°C in fresh glucose-
containing medium.

TABLE 4 Demographic variables,

plasma lipid profile and health-related

issues of donors, after division of their

corresponding sPCs in quartiles based

on glucose consumption (mean ± SD)

Quartile 1 Quartile 2 Quartile 3 Quartile 4

PLTs in plasma n = 15 n = 14 n = 14 n = 15

Glucose consumptiona 0.06 ± 0.01 0.08 ± 0.01 0.12 ± 0.02 0.20 ± 0.04

Demographics

Age, years 56 ± 8 57 ± 8 54 ± 5 57 ± 6

Male/Female 15/0 14/0 14/0 15/0

BMI, kg/cm2 26.7 ± 4.0 25.2 ± 1.4 25.1 ± 3.0 28.1 ± 4.0

Blood pressure, mmHg

Systolic 150 ± 13 141 ± 15 138 ± 16 139 ± 18

Diastolic 89 ± 9 81 ± 11 81 ± 12 84 ± 11

Lipid profile, mmol/L

Total cholesterol 4.1 ± 0.7 3.7 ± 0.6 3.8 ± 0.8 3.8 ± 0.7

HDL-C 1.0 ± 0.3 0.9 ± 0.3 1.0 ± 0.2 1.0 ± 0.3

LDL-C 2.3 ± 0.6 2.2 ± 0.6 2.0 ± 0.7 2.1 ± 0.7

Triglycerides 1.9 ± 0.8* 1.2 ± 0.6* 1.9 ± 1.1 1.5 ± 0.6

Health-related issues 3/15 (20%) 5/14 (36%) 9/14 (64%) 8/15 (53%)

Use of medication 3/15 (20%) 5/14 (36%) 3/14 (21%) 5/15 (33%)

Elevated lipemic index 0/15 (0%) 0/14 (0%) 4/14 (29%) 1/15 (7%)

PLTs in PAS-E n = 6 n = 6 n = 6 n = 6

Glucose consumptiona 0.05 ± 0.01 0.07 ± 0.00 0.09 ± 0.01 0.13 ± 0.02

Demographics

Age, years 58 ± 7 59 ± 10 58 ± 10 62 ± 7

Male/Female 3/3 3/3 4/2 3/3

BMI, kg/cm2 23.7 ± 3.6 24.5 ± 4.3 24.9 ± 3.5 27.6 ± 3.5

Blood pressure, mmHg

Systolic 135 ± 10 132 ± 13 140 ± 12 150 ± 18

Diastolic 80 ± 10 79 ± 6 79 ± 14 88 ± 9

Lipid profile, mmol/L

Total cholesterol 4.4 ± 0.4 4.9 ± 0.5 4.1 ± 0.6 4.6 ± 1.0

HDL-C 1.5 ± 0.3 1.4 ± 0.4 1.2 ± 0.2 1.5 ± 0.6

LDL-C 2.8 ± 0.5 3.2 ± 0.3 2.4 ± 0.6 2.6 ± 0.4

Triglycerides 0.4 ± 0.2 0.9 ± 0.7 0.9 ± 0.4 1.3 ± 0.8

Use of medication 1/6 (17%) 2/6 (33%) 1/6 (17%) 2/6 (33%)

*Q1 vs. Q2: p < .05.ammol/1011PLT/day.
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Nucleotide measurements were performed on Q1 and
Q4 PLTs. The energy charge ([ATP] + 0.5 � [ADP])/
([ATP] + [ADP] + [AMP]), showed that PLTs of Q1 and
Q4 started with similar energy charge, but trended
towards higher and lower values respectively on day
8 (Figure 4C).

As mentioned above, Q4 PLTs showed greater respi-
ratory reserve capacity and could have a larger mitochon-
drial compartment or more respiratory chain enzymes.
To test the first hypothesis, results of the Mitotracker
assay, performed on 34/36 sPCs in study 3, were analyzed
(Figure 4D). A trend is observed from Q1 to Q4 towards

higher mitochondrial content, but differences were not
statistically significant.

3.4 | Donors of high glucose-consuming
PLTs have more health-related issues

To test the hypothesis that ‘poor’ storing PLTs of the
upper quartiles were obtained from donors with more
health-related issues, also donor information was ana-
lyzed. PLT donors from which PCs in plasma were gener-
ated, were all male, and quartiles were not different in
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FIGURE 5 (A) Ferritin levels of donors after division of single-donor PCs in PAS-E in quartiles, based on glucose consumption (n = 34,

mean ± SD). (B) Glucose consumption in single-donor PC in PAS-E from donors aged 20–28 years (group A, n = 13), 33–44 years (group B,

n = 13), 46–69 years (group C, n = 22) and 71–73 years (group D, n = 12). All individual data; * p < .05

TABLE 5 Demographic variables,

plasma lipid profile and health-related

issues of donors from different age

groups (mean ± SD, n = 60)

Group A Group B Group C Group D
n = 13 n = 13 n = 22 n = 12

Demographics

Age, years 23 ± 2 39 ± 4 58 ± 8 72 ± 1

Male/Female 4/9 10/3 12/10 8/4

BMI, kg/cm2 24.1 ± 4.4 28.0 ± 4.4 25.0 ± 3.9 26.4 ± 2.7

Blood pressure, mmHg

Systolic 128 ± 10 136 ± 12 137 ± 12 154 ± 14

Diastolic 73 ± 7 81 ± 8 80 ± 10 86 ± 9

Lipid profile, mmol/L

Total cholesterol 3.3 ± 0.5 4.0 ± 0.6 4.4 ± 0.7 4.2 ± 1.1

HDL-C 1.3 ± 0.3 1.1 ± 0.1 1.4 ± 0.4 1.3 ± 0.3

LDL-C 1.4 ± 0.5 2.4 ± 0.6 2.6 ± 0.5 2.4 ± 0.8

Triglycerides 0.6 ± 0.4 1.0 ± 0.5 0.8 ± 0.5 1.2 ± 0.7

Health-related issues 6/13 (46%) 4/13 (31%) 7/22 (32%) 8/12 (67%)

Use of medication 3/13 (23%) 2/13 (15%) 5/22 (23%) 6/12 (50%)
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demographic variables, although strikingly, donors of Q4
had the highest mean body mass index (BMI, Table 4).
From Q1 to Q4, a significant trend (p < .05) was observed
in more health-related issues, including the use of medi-
cation and elevated plasma lipemic index of the current
donation. Detailed health information is summarized in
Table S2 (supplemental information).

No significant differences were found with regards to
health-related issues in donors of the four quartiles of
PCs in PAS-E. However, once again, donors of Q4 trend
towards the highest mean age, BMI and triglyceride
levels (Table 4).

Based on these data we conclude that high glucose
consumption is associated with a higher MPV and IPF.
Because iron deficiency can affect megakaryopoiesis, PLT
counts and MPV,10,11 we questioned whether ferritin
levels would differ significantly between the quartiles.
Indeed, ferritin levels were the lowest in Q4 (Figure 5A).
The upper quartile contained two young donors that
were diagnosed with iron deficiency (ferritin <15 μg/L)
and 1 aged donor with repeated low Hb (Table S2, sup-
plemental information). The mean age of donors in Q2
and Q4 was similar (Q2:35 ± 16; Q4:34 ± 17 years).

3.5 | PLTs from donors over 70 years

As health-related issues increase with age and in order to
find out if PLTs from donors >70 years of age were signif-
icantly different in glucose metabolism, PLTs of four dif-
ferent age groups were compared. We compared in vitro
quality parameters of sPCs in PAS-E from donors of dif-
ferent age ranges. In all age groups the glucose consump-
tion in sPCs was highly variable (Figure 5B). No
significant differences were observed between the groups
with regards to MPV and most other variables, except for
PLT concentration, pO2 and JC-1 ratio between some
groups (all p < .05, Table S4, supplemental information).
Donor information did not show a clear trend, although
the donors aged 20–28 years were leaner, with the lowest
BMI, blood pressure, cholesterol and triglyceride levels,
while donors aged 70 and over had the highest blood
pressure and triglyceride levels and more health-related
issues (Table 5).

4 | DISCUSSION

In previous studies, PLTs with poor storage performance
were found to be associated with older donors and an
indication was found that health-related issues might be
involved.1,2 Here we show that poor storing PLTs were
obtained from the whole age spectrum of donors

(Figure 5B), and that PLT storage performance is associ-
ated with donor health. Already early after collection,
MPV and IPF seem to be predictive for PLT quality dur-
ing storage.

In line with our earlier observations, single-donor
PLTs, stored in this sub-optimal storage container,
showed high inter-donor variation in glucose consump-
tion. This variation is also observed when part of the
plasma is replaced by PAS, albeit lower, which is in
agreement with Dumont et al.12 Both the median level
and variation were lower in PAS-E- because part of the
PLT metabolism is switched from glucose to acetate, low-
ering the effect of differences in the glucose metabolism
rate. However, in both media, with >6 mM glucose on
day 1, an association of the glycolysis rate with MPV
could be demonstrated.

From the finding that large PLTs consume more glu-
cose and oxygen, it may be concluded that large PLTs
have generally higher metabolic rates than small PLTs,
because the higher mitochondrial ATP production is not
accompanied by a decrease in glycolytic ATP production,
as evidenced by a higher lactate production. The relation-
ship of MPV with metabolic rates on the intra-donor level
has been studied already for quite some time.13,14

Karpatkin13 reported a 2.6-fold greater rate of glycolysis
in the fraction of large PLTs as compared to the fraction
of small PLTs. Large PLTs had higher activity of glyco-
lytic enzymes15 and within one individual, large PLTs
showed higher abundancies of mitochondrial proteins,
indicating an increased metabolic capacity and a higher
potential to provide ATP.16 Here we show that corre-
sponding qualitative differences between PLTs of differ-
ent sizes exist also on the inter-donor level. The high
glycolysis rates in the upper quartile (larger) PLTs are not
needed to compensate for partial mitochondrial dysfunc-
tion but apparently, these PLTs require more ATP to
maintain cellular homeostasis. The respirometry mea-
surements clearly demonstrated that all PLTs had highly
functional mitochondria but that the larger PLTs use
more oxygen for ATP production. Day 2 respiration data
on intact PLTs suspended in PAS-E presented here, were
comparable with those of Sjövall et al.4 They and
others17,18 reported a decline in respiration parameters
after 2 or 3 days of room temperature storage for the
entire PLT population, while we observed a significant
decline of baseline respiration in Q1 and Q4 PLTs after
7 days of storage only. In the other studies, most likely
less optimal storage conditions were used. PLTs of Q1
seem to be characterized by a highly efficient ATP pro-
duction. On the one hand, the glycolysis rates were very
low, on the other hand, they needed on average more
FCCP titrations to induce uncoupling on both day 2 and
9, which is indicative for more tightly coupled respiration
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with ATP-synthesis in these PLTs. Q2 PLTs, with low to
moderate glucose consumption, showed the best respira-
tion performance during storage with no measurable
decline in baseline respiration, and only 9% average
decline in maximal respiration.

With regard to transfusion efficacy, PLTs of the lower
quartiles may prove to be superior. Surely, PLTs of the
higher quartiles showed more storage lesion effects such
as the higher lactate production and associated decline in
pH, which in turn gives higher activation levels and PS
exposure. In addition, PLTs can release their mitochon-
dria which can act as autopathogens,19 so in theory,
Q2-PLTs seem to have the best potential for long storage,
combined with a low risk of inducing transfusion reac-
tions. However, this will require further research.

A significant association of PLT glucose consumption
with health-related issues of donors was found for male
donors >45 years. The finding of a significant difference
in this first study is most likely due to the storage in
plasma, associated with greater differences in glucose
consumption than in PAS-E, combined with the larger
group size. The health information was limited, but con-
firmed our former pilot study.1 That one of the health-
related issues may be (donation-induced) low ferritin
levels and iron deficiency, has been overlooked until
now. Low ferritin levels are associated with worse
health20 and may increase PLT production which causes
higher IPF and MPV.10,11 The observation that metabolic
rates of stored PLTs are associated with MPV on the one
hand and donor health on the other hand, is supported
by others who found a significantly increased MPV in
patients suffering from obesity,21 Type 2 diabetes22 or cor-
onary artery disease.23 This suggests that MPV, as a sim-
ple hematological parameter, can act as one of the
linking pins between donor health and PLT storage
performance.

PLT yields from donors >70 years were often too low.
This was expected, as was previously described for people
aged over 60 years.24 Storage characteristics of PLTs from
donors >70 years who had low PLT counts were not
investigated, but the risk that this had a biasing effect in
our study is considered low. Until now there is no evi-
dence for an association between donor PLT count and
storage properties. Differences in PLT storage perfor-
mance between PCs from young versus older donors
were not significant and less clear than observed in our
former study,3 probably due to the use of PAS-E as stor-
age medium instead of plasma. With acetate present, the
higher ATP demand of larger PLTs is likely to be met by
higher acetate oxidation without concomitant increase in
glycolytic ATP production, limiting lactate secretion. The
much lower glucose consumption rates in the PAS-E
study illustrate this alternative substrate usage. Also, the

inclusion of more young donors with health-related
issues, not a rare phenomenon,25 and the ‘healthy donor
effect’ could have biased this study. That the opposite,
worse storage performance of PLTs from young donors,
may be found26 emphasizes heterogeneity of donors and
the complexity to unravel the causes for poor storage per-
formance. Taken together, the use of PLTs from donors
>70 years still seems reasonable although PLT yield may
impact pooled PC produced from 3 or 4 BCs. In parallel,
findings presented here about different glucose and oxy-
gen dependency of donated PLTs, will play a larger role
for apheresis PLTs stored in plasma than for pooled PC
from 5 BCs stored in PAS-E, stored in high gas-permeable
containers, as is the case in the Netherlands.

In summary, high glucose-consuming PCs that devel-
oped higher activation levels not only displayed
enhanced mitochondrial activity but were also found to
contain larger PLTs, as determined by MPV. Storage per-
formance of PLTs was found to be associated with donor
health.
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