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Abstract
Current additive solutions for red cell concentrates do not maintain constant 

2,3-diphosphoglycerate and adenosine-triphosphate levels during cold storage. We have 
previously shown that with a new additive solution called PAGGGM, both 2,3-diphosphoglycerate 
and adenosine-triphosphate could be maintained throughout storage for 35 days.

In the present study, the mechanism underlying the effect of PAGGGM on erythrocyte storage 
was studied in more detail. By using double-erythrocytapheresis units (leukoreduced), a direct 
comparison could be made between the current additive solution SAGM and the experimental 
solution PAGGGM. During cold storage, several in vitro characteristics were analyzed. 

In agreement with our previous findings with single red cell concentrates, PAGGGM 
maintained 2,3-diphosphoglycerate and adenosine-triphosphate levels for 35 days of cold 
storage. Furthermore, glucose consumption and lactate production were higher in PAGGGM 
units during the first 21 days of cold storage. Fructose-1,6-diphophate, dihydroxyacetone 
phosphate levels were also increased during the first 21 days of storage in PAGGGM units. 

These results indicate that it is likely that phosphofructokinase activity is enhanced in 
PAGGGM units relative to SAGM units. After 21 days, phosphofructokinase activity also 
decreases in PAGGGM units, but sufficient metabolic reserve in these units prevents depletion 
of 2,3-diphosphoglycerate and adenosine-triphosphate. 
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Introduction
The quality of in vitro stored red cell concentrates (RCC) for transfusion has stepwise 

increased over the past decades. However, several characteristics still change during in vitro 
storage. The most dramatic of the changes are the depletion of 2,3-diphosphoglycerate (2,3-
DPG) and the decrease in adenosine-triphosphate (ATP) during the storage period. The 2,3-DPG 
levels are important for the hemoglobin affinity for oxygen and thereby for the oxygen delivery 
function of the erythrocytes. ATP as an energy source is important for the overall functioning 
of erythrocytes, including the maintenance of phospholipid asymmetry1. These changes have, 
amongst others, been linked to decreased oxygenation of the cerebrum in transfused patients 
with severe traumatic brain injury2 and a decreased survival of patients undergoing cardiac 
surgery3, although other studies show that there is no significant effect on clinical outcome due 
to RCC storage time4.

Attempts have been made to maintain both 2,3-DPG and ATP at high levels, but due to 
the fact that they share metabolic pathways it has proven hard to improve both at the same 
time. In the early 1990s, Meryman and Hornblower described the so-called “chloride-shift” as a 
method to keep 2,3-DPG levels high5. By replacing extracellular chloride with an impermeable 
anion (i.e. citrate or gluconate), intracellular chloride is forced to leave the cell due to the Donan 
equilibrium. Because of the effect on charge, hydroxyl ions will move into the cell, causing 
an increase in intracellular pH (pHi). A higher pHi favours the Rapoport-Luebering pathway, 
promoting the formation of 2,3-DPG.

Recently, De Korte et al. reported a new additive solution (AS), phosphate-adenine-glucose-
guanosine-gluconate-mannitol (PAGGGM), which showed improved in vitro characteristics, 
resulting in maintenance of ATP and 2,3-DPG levels6. Compared to saline-adenine-glucose-
mannitol (SAGM), PAGGGM is more alkaline, has a lower osmolarity and contains no chloride, 
thereby inducing the “chloride-shift” (see table 1 for composition). One of the remarkable results 
was that even when the difference in pHi between SAGM and PAGGGM had disappeared, the 
erythrocytes stored in PAGGGM showed an increased level in both 2,3-DPG and ATP.

In the current study we obtained double erythrocyte units via erythrocytapheresis from 
healthy donors. These double units were split into one unit with SAGM and one unit with 

PAGGGM as an additive solution, 
thereby excluding possible donor 
variations. Here we show that 
erythrocytes stored in PAGGGM have 
higher levels of 2,3-DPG and ATP 
when compared to erythrocytes stored 
in SAGM. This is despite a similar pHi 
and a lower extracellular pH (pHe) 
in PAGGGM units. Based on these 
findings we have attempted to uncover 
on which enzyme in the glycolytic 
pathway PAGGGM exerts its effect 
during cold storage of RCC.

Table 1: Composition of SAGM and PAGGGM

50
1.25

150

29
371
6.2

47.5
1.44
1.44

40
8
8
55
275
8.2

Glucose (anhydrous) (mmol/L)
Adenine (mmol/L)
Guanosine (mmol/L)
NaCl (mmol/L)
Na-gluconate (mmol/L)
NaH2PO4•2H2O (mmol/L)
Na2HPO4•2H2O (mmol/L)
Mannitol (mmol/L)
Osmolarity (mOsm/kg)
pH

    Ingredients         SAGM            PAGGGM



30

Chapter 2

Materials and methods

Isolation and storage of erythrocytes
Blood studies were approved by the Sanquin Research institutional medical ethical 

committee in accordance with the standards laid down in the 1964 Declaration of Helsinki. 
Erythrocytes were collected from 6 healthy donors via double-erythrocytapheresis by a 
Haemonetics MCS+ (Haemonetics, Breda, The Netherlands). During collection, CPD-50 was 
added as an anti-coagulant in a ratio of 1:16 (vol/vol). After collection of 400 millilitres packed 
erythrocytes, the packed erythrocytes were split into 2 units of 200 ml. After addition of 90 to 
110 millilitres additive solution (AS), SAGM to 1 unit and PAGGGM to the other, the units were 
filtrated to remove residual white cells and platelets. The resulting units had an average volume 
of 230 millilitres, a hematocrit (Hct) of 60 percent (vol/vol) and contained fewer than 1x106 
white blood cells (as determined with LeukoCount system, Beston Dickinson, San Jose, CA) 
whereas platelet counts were below detection limit (determined with an Advia 2120, Siemens 
Medical Solutions Diagnostics, Breda, the Netherlands). The erythrocytes were stored at 4 ºC in 
a standard blood bank refrigerator.

Annexin V labelling of erythrocytes
The amount of erythrocytes expressing phosphatidylserine (PS) was determined as described 

elsewhere with the following modifications to allow down-scaling to a 96-well plate system6. 
Labelling with annexin V (AV) (VPS-Diagnostics, Hoeven, The Netherlands) was performed by 
adding 5 µl AV-FITC (final concentration 1 µg/ml) to 50 µl cell suspension with a Hct of 0.3 %. 
After incubation at room temperature in the dark for 30 minutes, cells were 4 times diluted 
with incubation medium, supplemented either with CaCl2 or EGTA, and analyzed on a flow 
cytometer with high throughput system (LSRII, Beston Dickinson, San Jose, CA). Data analysis 
was performed with computer software (FACSDiva 6.1, Beston Dickinson, San Jose, CA).

2,3-DPG, ATP and lactate measurements in erythrocytes
2,3-DPG, ATP and lactate were measured as described elsewhere6. In short, extracts were 

made by diluting 600 µl erythrocytes with 900 µl PBS and then acidified with 60 µl perchloric 
acid (70% weight/vol). After 30 minutes on ice, the extracts were centrifuged for 5 minutes at 4 ºC 
at 6,000g and 56 µl 5 M K2CO3 was added to 1 ml deproteinized supernatant for neutralization.

2,3-DPG was measured with the 2,3-DPG kit from Roche (Mannheim, Germany). Lactate 
was analyzed with the kit from Trinity Biotech (St Louis, MO). ATP was analyzed with the 
glucose/hexokinase reaction as described elsewhere6.

Hemolysis
Hemolysis was determined as described elsewhere6. Briefly, free hemoglobin was determined 

by absorbance measurement of cell supernatant at 415 nm by a spectrophotometer (Rosys 
Anthos ht3, Anthos Labtec Instruments GmbH, Salzburg, Austria), with correction for plasma 
absorption if necessary. Hemolysis was expressed as a percentage of total hemoglobin present in 
RCC after correction for Hct.
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Measurement of intracellular pH
Intracellular pH was measured as described elsewhere5. Briefly, 1 ml erythrocyte samples were 

centrifuged for 5 minutes at 21,000g after which the supernatant was removed. Subsequently, 
the dry pellet was frozen in liquid nitrogen. After thawing, 300 to 350 µl aquadest was added 
and the pH of the resulting lysate was measured in a Rapidlab 860 (Siemens Medical Solution 
Diagnostics, Deerfield, IL).  

Potassium, sodium, glucose and extracellular pH measurements
Potassium, sodium, glucose and extracellular pH were measured with a Rapidlab 860 

(Siemens Medical Solution Diagnostics).

G6P measurement in erythrocytes
Glucose-6-phosphate (G6P) was determined fluorimetrically with glucose-6-phosphate 

dehydrogenase (G6PDH) as follows. From the extracts, 50 µl was added to 190 µl ETRAM buffer 
(0.07 M Tri-ethanol-amine, 10 mM MgCl2, 5 mM EDTA, pH 7.4) containing 63 µM NADP+ 
(Roche, Mannheim, Germany) in a well of a 96-wells plate (96 wells flat-bottom assay plates, 
Costar, Corning, NY). Subsequently, background fluorescence was measured for 5 minutes in a 
fluorimeter (Tecan spectrafluor plus, MTX Lab Systems, Vienna, VA) at excitation 340 nm and 
emission 465 nm. Next, 0.7 U G6PDH (Roche) was added and the fluorescence was measured 
for 5 minutes. Then, 10 µl 0.2 mM G6P (Sigma) was added as an internal standard and the 
fluorescence was measured for 5 minutes.

FDP, DHAP and GAP measurements in erythrocytes
Fructose-1,6-diphophate (FDP), dihydroxyacetone phosphate (DHAP) and glyceraldehyde-

3-phosphate (GAP) were measured by a modified assay from Beutler7. The reaction mixture 
used contained 200 mM Tris-HCl EDTA (pH 8.0), 4 mM NAD (Sigma-Aldrich, St Louis, MO) 
80 mM Na-arsenate and 35 mM ß-mercaptoethanol (Sigma-Aldrich). The reaction was started 
by adding 20 µl deproteinized extract to 100 µl reaction mixture, adding 76 µl deionized water 
and 2750 U glyceraldehyde-3-phosphate dehydrogenase (Sigma-Aldrich). An absorbance 
measurement was performed to determine NADPH formation in a fluorimeter for 28 minutes at 
excitation 340 nm and emission 465 nm. Subsequently, 60 U triosephosphate isomerase (Sigma-
Aldrich) was added, after which the OD was determined for 19 minutes. This was followed by 
adding 0.05 U aldolase (Sigma-Aldrich) to the reaction mixture and determining the OD for 
29 minutes. Subsequently, 0.125 µM FDP (Sigma-Aldrich) was added to the reaction mixture 
and the OD was measured for 30 minutes, as a positive control. A standard curve was made by 
measuring 0 µM, 50 µM and 200 µM GAP in the same reaction mixture.

Statistical analysis
Data was analyzed using Graphpad Prism 4.03 for Windows (GraphPad Software, La Jolla, 

CA). Statistical analysis was performed by 2-way ANOVA tests with the Bonferroni post-tests 
to compare means over time.
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Results
In the previous study6, performed with RCC prepared from whole blood units, it was shown 

that there was an initial increase in pHi in erythrocytes stored in PAGGGM, when compared 
to erythrocytes stored in SAGM. However, we were unable to exclude donor variation because 
different donors were used for the SAGM and PAGGGM units. The study design of the current 
study allowed us to exclude possible effects caused by donor variation, thereby allowing a direct 
comparison between erythrocytes stored in SAGM and PAGGGM. In this study with RCC 
prepared from double-erythrocytapheresis units, there was no statistical significant difference 
in pHi between SAGM and PAGGGM (figure 1a), due to the fact that the pHi for SAGM was 
higher than in the previous study with whole blood units. The extracellular pH (pHe), however, 
was higher in SAGM units than in PAGGGM units (p<0.01) (figure 1b).

The potassium leakage was higher in SAGM units in the first 28 days, after which the 
extracellular potassium levels were similar in SAGM and PAGGGM units. The decline in 
sodium and chloride concentrations was similar in both additive solutions (data not shown). 
The chloride concentrations were 120 mM in SAGM and 50 mM in PAGGGM, which can 
be explained by the absence of saline in PAGGGM. At day 35, the hemolysis of both additive 
solutions was within the limits of international standards. No significant increase in PS exposure 
was observed throughout the storage period (data not shown).

Figure 1: pH, potassium concentrations and hemolysis. The pHi is similar between erythrocyte units with 
SAGM and PAGGGM as AS, while the pHe of PAGGGM units was lower. The decline in sodium and chloride 
concentrations is similar in both additive solutions. The hemolysis is comparable for the two additive solutions. 
() represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 units. * p<0.05; 
*** p<0.001
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The consumption of glucose by erythrcoytes in PAGGGM was higher than in erythrocytes 
in SAGM as can be seen from the decreased glucose levels and increased lactate levels measured 
during storage (figure 2). The glucose levels were lower in PAGGGM units than in SAGM units 
throughout the storage period of 56 days (p<0.05; shown in figure 2 till day 35). ATP and 2,3-
DPG levels were significantly higher in PAGGGM units when compared to SAGM units from 
days 7 up to 35 (p<0.05). However, the rates of the glucose consumption and lactate production 

Figure 3: Glucose and lactate production. Both the glucose consumption (a) and lactate production (b) 
are higher in PAGGGM units than in SAGM units during the first 14 days of storage (p<0.05). () represents 
SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 units. *** p<0.001
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Figure 2: Metabolites. The metabolism of erythrocytes stored in PAGGGM is higher than in erythrocytes 
stored in SAGM as can be seen from the decreased glucose levels (a) and increased lactate (b), ATP (c) and 2,3-
DPG (d) levels. () represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 
units. * p<0.05; ** p<0.01; *** p<0.001
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were only increased in PAGGGM compared to SAGM during the first 21 days of storage (p<0.05) 
(figure 3). This seems to correlate with the start of the decrease in 2,3-DPG and ATP levels after 
21 days of storage observed in PAGGGM units.

To get a better understanding of the differences in metabolism observed in erythrocytes 
stored in PAGGGM and SAGM, we measured the concentrations of some key intermediates of 
glycolysis (see figure 4 for a scheme of the glycolytic pathway). First, we measured G6P levels 
as indicator of hexokinase activity, because hexokinase has been described as an important rate 
limiting step in glycolysis8. In the first week of storage, G6P levels were lower in PAGGGM units 
than in SAGM units, although not significantly (figure 5a).  Because the glycolysis is enhanced 
in PAGGGM during the first 14 days, these changes in G6P levels are indicative for activation 
of a step in the glycolysis downstream from hexokinase, resulting in lower steady state levels of 
G6P. We therefore determined the levels of fructose-1,6-diphosphate (FDP), dihydroxyacetone 
phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP). Throughout storage, the levels of 
these metabolites were very low in SAGM units. In PAGGGM units, however, both FDP and 
DHAP were present at much higher concentrations than in SAGM units (figure 5b en 5c). The 
elevation of both metabolites, however, was not sustained during storage and had disappeared 
after 28 days of storage. GAP levels were measurable during the first 14 days of storage in 
PAGGGM units, after which it was depleted (figure 5d). Taken together, these results clearly 
indicate a strong activation of phosphofructokinase (PFK), another rate-controlling enzyme in 
glycolysis, but only during the first weeks of storage in PAGGGM.

Figure 4: Reaction scheme of the glycolysis and the 2,3-DPG (Rapoport–Luebering) shunt. 
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Discussion
During storage of whole blood and erythrocytes, intracellular 2,3-DPG decreases rapidly 

and intracellular ATP decreases more slowly. The levels of 2,3-DPG determine the affinity of 
hemoglobin to oxygen. Recently, several studies have been published with the aim on improving 
2,3-DPG levels9-12, mainly at the expense of ATP. With the new PAGGGM medium, we have 
shown previously that both 2,3-DPG and ATP levels could be maintained for at least 35 days6. 
It was also observed that in PAGGGM units, the 2,3-DPG levels were higher despite having a 
similar pHi after day 21.

In the present study, we show that erythrocytes stored in PAGGGM have increased 2,3-DPG 
and ATP levels, despite having a similar pHi throughout the storage time when compared to 
SAGM units. This is not in line with the results from the previous study where an intial difference 
in pHi was observed. We postulate that this is the effect of another ratio of anti-coagulant to 
whole blood used in the present study or the difference in erythrocyte collection, as whole blood 
has been used in the first study and double-erythrocytapheresis has been used in the current 
study. Both our studies, however, do not support the key regulatory role of the pHi in the effect 
of a chloride-free additive solution as proposed by Meryman et al5.

Because we observed an increased rate of glycolysis, as can be deduced from the increased 
glucose consumption and lactate production, we attempted to uncover on which enzyme in the 

Figure 5: Metabolic intermediates. G6P levels are similar during the first 14 days of storage, but are 
significantly higher after 21 days of storage in PAGGGM units (a). Both FDP (b) and DHAP (c) levels are 
significantly higher during the first 21 days of storage in PAGGGM units. GAP is not significantly different 
between AS (d). () represents SAGM. () represents PAGGGM. Results shown represent mean ± 1 SD of 6 
units. * p<0.05; ** p<0.01; *** p<0.001
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glycolytic pathway PAGGGM exerts its effect. We refrained from enzyme activity measurements 
in erythrocyte lysates for several reasons. Firstly, enzyme activity assays in lysates use a virtually 
infinite amount of substrate without any inhibiting factors, while in the stored erythrocytes there 
is no infinite amount of substrate and there might be inhibitors present. Furthermore, changes in 
enzyme activity might occur during storage as, among others, substrate levels, metabolite levels 
and pH change during storage. Lastly, most enzyme activity assays are performed at 37 °C, while 
the erythrocyte units are stored at 4 °C. An additional complication is that hexokinase activity is 
very low in erythrocytes when determined at 37 °C, so it proved almost impossible to determine 
hexokinase activity at 4 °C. We therefore chose to determine G6P as a read-out for hexokinase 
activity in situ. As the metabolic rate is higher during the first 21 days of storage in PAGGGM, we 
expected an increase in G6P levels. However, we did not find such an increase in the first 21 days 
of storage. This clearly indicates that another step in the glycolysis is enhanced by PAGGGM. 
As PFK has been described as an important control point in glycolysis13, we determined FDP, 
DHAP and GAP levels. GAP levels were steady from the first day of storage and did not seem to 
be significantly influenced by the AS used. However, both DHAP and FDP levels were markedly 
influenced by the type of AS in the first 21 days of storage (figure 5). Interestingly, after 21 days 
of storage both DHAP and FDP were almost depleted in PAGGGM units, which is also the time 
when 2,3-DPG and ATP levels started to decline. Although not directly measured, it is very 
likely that PFK activity initially is higher in PAGGGM but declines during prolonged storage, 
causing the subsequent decline in 2,3-DPG and ATP. However, the metabolic reserve caused 
by the higher activity of PFK in the first 2 weeks of cold storage prevents complete depletion 
of these two key metabolites. This is in line with the model of erythrocyte glycolysis described 
by Nishimo et al. which predicts that an increase in PFK activity will maintain ATP and 2,3-
DPG levels during prolonged storage14. With these results, it is difficult to draw conclusions on 
hexokinase activity in the two additive solutions, except that hexokinase activity in PAGGGM is 
high enough to allow a higher glycolytic flux in the first 3 weeks of storage.  

In conclusion, our results show that the experimental additive solution PAGGGM is able to 
prevent depletion of the two key metabolites 2,3,-DPG and ATP and that this is likely due to a 
higher activity of PFK in the first weeks of storage as compared to the standard SAGM medium. 
This activation occurs independently of changes in pHi and creates sufficient metabolic reserve 
for subsequent changes in enzyme activities during cold storage. 

Because it has been shown that 2,3-DPG levels are replenished within 48 hours post-
transfusion15, the need for improved storage solutions has often been questioned. Our new 
additive solution can be used to resolve this question. Moreover, because transfusion of blood 
products is considered more and more as a pharmacological intervention, constant quality of 
these products needs to be aimed for. Further testing of the experimental additive solution 
PAGGGM in vivo will show whether this solution can be used to achieve this goal.
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