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The preceding paper (1) describes the changes
which were found in the glycolytic intermediates
of the human erythrocyte during 8 weeks’ storage
of blood at 4° C in acid citrate dextrose (ACD)
supplemented with the nucleoside, inosine.

Previous investigations had demonstrated that
nucleosides not only were able to maintain a
higher level of erythrocyte organic phosphate dur-
ing storage but also that they could bring about a
considerable resynthesis of organic from inorganic
phosphate if added to the blood after several days
of storage and then incubated for a few minutes
at 37° C (24).

It was of interest, therefore, to extend our find-
ings to a more detailed study of the nature of the
phosphate compounds formed in the erythrocyte
when nucleoside was added late in storage and
to compare the results with those just described
where inosine was present from the outset. In
the experiments to be reported inosine was added
to aliquots of human blood stored at 4° C in ACD:
1) after 3 weeks followed by another week at
4° C, and 2) after 4 weeks followed by 1 or 3
hours of incubation at 37° C. The phosphate com-
pounds of the erythrocytes are compared with
control samples kept for 4 weeks in ACD alone.
It was considered worthwhile at this time to bring
together available information on the metabolism
of the stored red cell and to offer a tentative
scheme to explain the events leading to loss of
viability.

METHODS

Blood from a normal donor was drawn by gravity into
ACD (NIH formula B) and stored at 4° C. After 21
days of storage, 100 ml of the ACD blood mixture was
removed aseptically and to this was added inosine (4 mg

per ml of blood) which had been autoclaved in normal
saline in a concentration of 40 mg per ml. This sample

* Supported by the US Army Medical Research and
Development Command, Office of the Surgeon General,
and by the National Heart Institute.

of blood was stored at 4° C for another 7 days. After
28 days of storage the remaining ACD blood was divided
into three portions; one served as a control and to the
other two the inosine solution was added to give a con-
centration of 4 mg (15 umoles) per ml of original blood.
The aliquots treated with inosine were incubated for 1
and 3 hours at 37° C. Trichloroacetic acid extracts
of the four samples were prepared, the metabolic inter-
mediates were separated on columns of ion-exchange
resin, and the compounds were analyzed as described

in the preceding paper (1).

RESULTS

The phosphate compounds of the stored red
cells were first isolated by column chromatography
on Dowex-1 resin by chloride eluants, as shown in
Figure 1. The 0.02 N HCI elution section was
rechromatographed by elution with ammonium
formate buffer in order to separate the inosinic
acid and adenosine diphosphate (ADP; Figure
2). Formate rechromatography was also carried
out on the combined 0.003 and 0.01 N HCI elu-
tion sections to obtain better resolution of the
sugar monophosphates (Figure 3). The results
are summarized in Figure 4, which for compari-
son includes data from the zero-day control and
4-week inosine experiments from the previous
study (1).

We would like to focus attention first on adeno-
sine triphosphate (ATP) whose concentration
may prove to be the most critical factor in the
survival of the cell. Several points are of in-
terest. When inosine was present from the out-
set of storage there was little increase of ATP
over that found in ACD alone, whereas much
higher levels were found when the nucleoside was
added later. The stored cells which were exposed
to inosine during the fourth week at 4° C had an
ATP concentration as high as in the initial blood,
and it was only slightly lower in the 3-hour 37° C
incubation. It should be emphasized that a re-
synthesis of the ATP molecule took place, as will
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IN Ficure 1. The pooled eluates were passed through
1 X 15 cm columns of Dowex 1 X 8 formate (100 to 325
wet mesh) which were eluted at 1 ml per minute with
1 L of linear gradient zero to 1 N ammonium formate.
See Figure 1 for abbreviations.

be discussed in more detail below. For example,
the 3-hour incubation at 37° C produced a con-
centration of ATP more than double that of the
4-week control. Since no other precursors ap-
pear to be available, it seems most probable that
the hypoxanthine part of the inosine gave rise to
the adenine ring of ATP.

The changes in the concentration of ATP un-
der the different conditions of storage were not re-
flected in any striking alteration of ADP. There
was some increase in this intermediate in the red
cells stored with inosine during the fourth week
and a decrease in those incubated at 37° C. Ino-
sinic acid, however, increased considerably during
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the 37° C incubations. Since this was clearly a
condition of net synthesis of total adenylate, the
inosinate must have originated from inosine rather
than from adenylate and so was probably an in-
termediate in the synthesis of ATP from the nu-
cleoside. No significant amounts of adenosine
monophosphate (AMP) built up under any of
the experimental conditions.

One of the most interesting chemical character-
istics of the red cells which were stored from the
beginning with inosine was that they accumulated
relatively large quantities of glucose-6-phosphate
and sedoheptulose-7-phosphate.  In contrast,
when the incubation was performed at 37° C,
much smaller levels of the sugar monophosphates
were present but a very large amount of fructose
diphosphate appeared. A block in the metabolic
path from ribose phosphate at the triose phos-
phate oxidation step might be expected to cause
a piling up of fructose diphosphate.

Pentose phosphates did not appear in appreci-
able amounts in any of the experiments and pre-
sumably were metabolized as rapidly as formed
from inosine. Glucose diphosphate showed a
moderate increase above the zero time value in
all of the incubations with inosine.

As demonstrated in previous studies, diphos-
phoglycerate (DPG) disappears almost completely
after 4 weeks of storage in ACD. The incubations
with inosine, either during the fourth week at 4°
C or for 3 hours at 37° C at the end of 4 weeks,
although restoring ATP to essentially zero time
levels, reformed only 30 to 40 per cent of the
original concentration of DPG. Even so, this rep-
resents a considerable synthesis and indicates that
the initial drop in pH produced by the ACD pre-
servative cannot be the major factor responsible
for the rapid early loss of DPG, since the metabo-
lism of inosine tends to lower the pH even further
during storage. The variations of DPG were
not accompanied by any notable changes in the
concentration of monophosphoglycerate which
was present in only very small amounts.

Although the inorganic phosphate inside of the
red cell rose reciprocally as the organic phosphate
fell during storage in ACD, an appreciable amount
leaked out into the plasma so that the total phos-
phorus at 4 weeks was only 60 per cent of that
at zero time. The various incubations with ino-
sine, especially late in storage, not only utilized
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through 1 X 15 cm columns of Dowex 1 X 8 formate (100 to 325 wet mesh)
which were eluted at 1 ml per minute with 2 L of linear gradient zero to
1 N formic acid. The data are plotted in mumoles per ml of eluate (calcu-
lated for 1 ml of erythrocytes). See Figure 1 for abbreviations. Cysteine-
sulfuric acid assay for sedoheptulose (C-S), A; glucose-6-phosphate de-
hydrogenase assay for glucose-6-phosphate (G6P dehyd.), A.

intracellular inorganic phosphate for synthesis but
also used some of the extracellular phosphate,
bringing the total phosphorus of the cell back to
approximately 80 per cent of the original.

DISCUSSION

Studies from this laboratory and elsewhere on
the metabolism of stored blood are consistent with
the view that an intact functioning glycolytic ap-
paratus is indispensable to the erythrocyte if it is
to survive preservation at above-freezing tempera-
tures. The glycolytic capacity declines during
storage, as demonstrated by the inability of glu-
cose to maintain the normal concentration of in-
termediate metabolites within the cell. It is of
theoretical importance for future research, al-
though apparently of little practical value at this
time, that inosine can to a certain extent replace
glucose; it can restore some of the metabolites
and under limited conditions prolong the survival

of the erythrocyte. The metabolic effects of ino-
sine can be explained by the fact that it penetrates
easily into the erythrocyte and is split by nucleo-
side phosphorylase to give ribose phosphate and
hypoxanthine. The ribose phosphate is changed
to other pentose phosphates which are rearranged
by the enzymes transketolase and transaldolase
to produce fructose phosphate and triose phos-
phate and so enter the glycolytic pathway. These
reactions—a portion of the so-called pentose
shunt—are commonly found in many kinds of
tissues (5).

The changes in the concentrations of ATP and
DPG which were found in the erythrocyte under
the various storage conditions reported here are of
special interest and illustrate some of the com-
plexities involved in trying to diagnose the state
of the metabolic machinery. The experiments
show a rapid loss of 2,3-diphosphoglycerate from
the erythrocytes stored in ACD and extensive re-
synthesis during the incubation with inosine. The
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enzyme, monophosphoglycericmutase, which car-
ries out the interconversion of 2-monophospho-
glycerate and 3-monophosphoglycerate with 2,3-
diphosphoglycerate as a cofactor, is unable to bring
about any synthesis or breakdown of the 2,3-di-
phosphoglycerate. ~ Rapoport and Luebering
(6-8) discovered two enzymes in the human
erythrocyte which could account for net changes
in the concentration of 2,3-diphosphoglycerate.
These are: 1) diphosphoglycerate mutase which
can convert 1,3-diphosphoglycerate to 2,3-diphos-
phoglycerate, and 2) a specific phosphatase which
splits one of the phosphates from 2,3-diphospho-
glycerate to give 2-monophosphoglycerate. Rapo-
port, Luebering and Nieradt (6-9) suggested
that a cycle passing from 1,3-diphosphoglycerate
to 2,3-diphosphoglycerate to 2-monophospho-
glycerate may represent the main route of gly-
colysis in the erythrocyte [see Altman (10) for
discussion of this concept]. However, during the
steady state of normal metabolism in the human
erythrocyte, significant participation of this cycle
can be ruled out from the P3*-labeling data which
are consistent with a process that transfers most

of the phosphorus from the carboxyl group of
1,3-diphosphoglycerate to ADP, to give 3-mono-
phosphoglycerate which is then converted through
the phosphoglycericmutase reaction to 2-mono-
phosphoglycerate and so on (11). Although the
cycle does not appear to be operating under normal
conditions, it can explain some of the changes ob-
served during storage. Grisolia (12) has con-
firmed and extended these findings of Rapoport
and co-workers, showing that 3-monophospho-
glycerate accelerates the conversion of 1,3-di-
phosphoglycerate to 2,3-diphosphoglycerate and
inhibits the 2,3-diphosphoglycerate phosphatase.
With this background the events taking place dur-
ing storage can be reconstructed as follows. When
1,3-diphosphoglycerate and 3-monophosphoglyce-
rate are no longer being produced because of a
defect higher in the metabolic path, the 3-mono-
phosphoglycerate inhibition of the phosphatase is
released, and the 2,3-diphosphoglycerate disap-
pears rapidly by hydrolysis to monophosphoglyce-
rate which can be converted to lactate, When
1,3-diphosphoglycerate and 3-monophosphoglyce-
rate are replenished from the catabolism of ino-
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sine, the 3-monophosphoglycerate blocks the phos-
phatase split of 2,3-diphosphoglycerate and stimu-
lates its formation from 1,3-diphosphoglycerate.
The 3-monophosphoglycerate kinase and the di-
phosphoglycerate mutase continue as competing
reactions until the level of the 2,3-diphospho-
glycerate is raised high enough to inhibit its fur-
ther synthesis, at which time the kinase takes over
as the primary reaction for the conversion of 1,3-
diphosphoglycerate to 3-monophosphoglycerate.

Not only ATP but total adenine nucleotide was
reduced in the erythrocyte during storage in ACD
and could be regenerated in the presence of ino-
sine. It seems of special importance to try to
understand the mechanisms involved. The so-
called de novo synthesis of purine nucleotide from
small units such as glycine and formate has been
intensively investigated in recent years, and a
rather complex path has emerged which seems to
be widely distributed in nature (13). Human or
rabbit erythrocytes lack the capacity to carry out
this over-all de novo synthesis of purine nucleo-
tide (14). However, another important pathway
for the biosynthesis of purine nucleotide is by the
reaction of preformed purine with phosphoribosyl-
pyrophosphate to give the nucleoside, 5’ phosphate
(15). 1t has been demonstrated that the intact
human or rabbit erythrocyte can incorporate C*-
labeled adenine or hypoxanthine into adenylate
(16, 17) presumably by a reaction with phos-
phoribosylpyrophosphate. Moreover, extracts of
human erythrocytes have been found to make
phosphoribosylpyrophosphate and to react it
with adenine or hypoxanthine to give nucleotide
(18). From these observations it seems probable
that the first step in the net synthesis of adenylate
from inosine seen in the stored cells is the reac-
tion of hypoxanthine (from inosine) with phos-
phoribosylpyrophosphate to give inosinic acid.
Apparently the major route for the conversion of
inosinate to adenylate in most kinds of cells is by
a reaction with aspartate to give adenylosuccinate
which splits to adenylate (19). This reaction
has not been examined in the erythrocyte. One
other possibility for the synthesis of nucleotide by
the erythrocyte must be kept in mind and that is
a direct phosphorylation of nucleoside, although
this reaction is not generally thought to comprise
an important fraction of purine nucleotide forma-
tion in the animal (20).

above the normal.
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Instead of speaking of ATP alone, it is more
instructive to consider the combined AMP-ADP-
ATP pool and divide it into two parts: 1) the
fraction in the form of high energy phosphate,
and 2) the content of total adenylate. In the nor-
mal cell the fraction as ATP is very high, and
the amount of high energy phosphate entering the
pool from the reactions of the glycolytic chain is
balanced by the amount going out through phos-
phorylations of hexose and hexose phosphate and
the action of ATPases. The total adenylate is
kept constant with a small but significant turn-
over of the AMP-unit during the life of the cell,
as shown by Lowy, Ramot and London (16).
During storage in ACD both the high energy
phosphate and the total adenylate decrease. As
will be discussed later, we believe that a defect
early in the glycolytic path decreases the amount
of high energy phosphate coming into the adenyl-
ate pool. If we assume that the usual ATPase
activities continue, then the ATP concentration
will fall. Due to the presence of a potent adenyl-
ate kinase (21-23), the ADP formed by the action
of ATPase will be converted to AMP and ATP,
and this process will continue until all of the
adenylate is changed into AMP. However, we
did not find AMP accumulating in the stored cells
and must postulate that some mechanism is re-
leased which increases the rate of its breakdown
This could be a direct effect of
increased concentration of AMP on the enzyme in-
volved, or it might result from the disappearance
of an inhibitor (for example, ATP). The first
step in the degradation of the AMP is probably
mediated by the enzyme 5-nucleotidase (24) either
before or after deamination (25) to inosinate, or
perhaps both. We have seen that a small amount
of inosinic acid accumulates during the storage. -
The products of the 5-nucleotidase, adenosine
(after conversion to inosine by a nucleoside deami-
nase) (26, 27) and inosine, would be split to hy-
poxanthine and ribose phosphate by nucleoside
phosphorylase (28-30). Several studies have
shown that hypoxanthine i the principal end-
product of nucleotide decomposition in the eryth-
rocyte (31-33). The hypoxanthine and a small
fraction of xanthine are not further changed to
uric acid due to the absence of xanthine oxidase.

Although addition of inosine after 4 weeks of
storage brought about a considerable resynthesis of
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ATP, there is some evidence for the belief that
adenosine may be more effective than inosine in
reversing the metabolic defect of the stored red
cell, as re-emphasized recently by Mollison and
Robinson (34). Most of the early favorable ex-
periments of Gabrio, Donohue and colleagues
were performed with adenosine (2-4). Further
light on the matter has come from the studies of
Nakao, Nakao, Tatibana and Yoshikawa (35)
who have reported that, after several weeks of
storage when inosine shows a decreasing effective-
ness for the formation of ATP, inosine plus ade-
nine gives better results. Any increased effect of
adenosine is presumably through the formation
of adenine, since the reaction of phosphoribosyl-
pyrophosphate with hypoxanthine or adenine,
from present information, would be the preferred
route of nucleotide synthesis. Experiments in
progress in our laboratories (36) confirm these
impressions. The results show, for example, that
after 10 weeks of cold storage in ACD, adenosine,
or adenine plus inosine, is much more effective
than inosine alone in increasing the level of ATP
in the human erythrocyte. The lesser efficiency
of inosine could be due to a deficiency in the ability
of the cell to convert inosinic acid to adenylic acid.

We feel at this time that the most likely site of
the primary defect in the metabolism of the stored
erythrocyte is the first step in the utilization of
glucose. This step is a complex of several com-
ponents including traversal of the outer mem-
brane by the sugar, probable selective orientation
of the hexokinase protein within a double mem-
brane cell coat, concentration of magnesium ion,
and undoubtedly other unknown coenzymatic de-
terminants of the enzyme activity and the supply
of ATP. An initial loss of ATP from whatever
cause could of course block glucose utilization.
However, it is unlikely that this is the primary
reason for the storage defect in view of the fact
that the fall in concentration of diphosphoglycerate
precedes that of ATP. As the rate of consump-
tion of glucose decreases in the stored erythro-
cytes, the levels of the glycolytic intermediates fall
as if they were continuing to move through the
metabolic channel from glucose-6-phosphate to
lactate without being replenished. On their way
to lactate these phosphate intermediates help
maintain the level of ATP which decreases more
slowly. When inosine is added to this defective
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cell, the metabolism of ribose feeds into the gly-
colytic path at the fructose-6-phosphate and triose
phosphate steps and produces significant quanti-
ties of glucose-6-phosphate, fructose diphosphate,
diphosphoglycerate, and lactate, at the same time
renewing the ATP. This proves that the indi-
vidual reaction steps of glycolysis are still intact
late in storage from glucose-6-phosphate on.

We know that there is a critical period during
storage when the red cell which would have been
removed rapidly from the circulation upon trans-
fusion will survive if it has had a treatment with
nucleoside. It is unlikely that nucleosides are pres-
ent in the blood stream in amounts sufficient to
continue to serve as the principal substrate for the
erythrocyte, and it seems most probable that some-
how the ability to use glucose is restored in the
body. Assuming such a reversibility of the stor-
age lesion to be the case, and that the phosphory-
lation of glucose is involved, what are possible
contributing factors? Protein denaturation can
be ruled out, since as far as is known the mature
erythrocyte cannot synthesize protein and so
would not be able to make any new hexokinase
enzyme after returning to the circulation. As
mentioned, the hexokinase reaction is probably
located in the surface area of the cell and so is
vulnerable to influences which would cause loss to
the storage medium of controlling cofactors for
the enzyme—agents which could reasonably be
regained in the more favorable environment of
the circulation. It is also conceivable that reac-
tions selectively localized in the cell membrane
have a restricted orientation vis a vis the exterior
and interior, distortion of which by the highly
abnormal medium might lead to decreased enzyme
activity, an inhibition which could be eliminated
on return of the erythrocyte to the circulation.

In summary, a tentative scheme has been formu-
lated to explain the storage lesion (Figure 5)
with the metabolic pathways severely abbreviated
for the sake of simplicity (single arrows desig-
nate a reaction involving one phosphate; double
arrows, two phosphates). During normal gly-
colysis the phosphate bond energy gained from the
conversion of glucose to lactate is transferred to
the adenylate pool at reactions 1 and 2, donating
four high energy phosphate bonds per molecule
of hexose metabolized. Two of these phosphates
are used to phosphorylate hexose and hexose
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monophosphate (reactions 3 and 4) and the other
two (step 5) are used in reactions related to the
preservation of cellular viability. The system is
normally in balance so that the concentration of
ATP remains constant. During storage, the ini-
tial defect at the first step of glucose utilization
slows the flow of carbon through the glycolytic
pipeline and so decreases the amount of phos-
phorus entering the adenylate pool. The outflow
of phosphorus at reaction 5 is not affected or is
perhaps even increased and so the ratio of ATP
to AMP falls. A rising concentration of AMP
accelerates the breakdown at reactions 6 and 7,
displacing the normal small and equal rate of syn-
thesis and degradation. The resulting drop in
concentration of ATP further decreases the rate
of phosphorylation of glucose and thus a vicious
circle is established, accelerating the decay of the
metabolic system. Inosine does two different and
essential things to rebuild ATP levels. In the
first place, it supplies the alternate substrate ri-
bose phosphate which is able to enter the meta-
bolic path beyond the storage lesion and generate
high energy phosphate bonds. Secondly, the in-
creased supply of hypoxanthine reverses reaction
7 to give new adenylate acceptor for the high
energy phosphate. As discussed above, the route
from adenine to adenylate may prove to be more
efficient than that from hypoxanthine. A rela-
tively high level of ATP in the erythrocyte at the

time of transfusion is required to give it enough
resilience to maintain its integrity through that
period of circulation in the body before the pri-
mary storage defect is reversed and the erythro-
cyte resumes its normal metabolism of glucose.

SUMMARY

The effect of inosine on the phosphorylated me-
tabolic intermediates of the human erythrocyte
stored at 4° C in acid citrate dextrose preserva-
tive was determined after the addition of the nu-
cleoside: I) after 3 weeks followed by another
week at 4° C, and 2) after 4 weeks followed by
1 or 3 hours of incubation at 37° C. Inosine pro-
duced extensive resynthesis of some of the or-
ganic phosphates normally present in the fresh
erythryocyte and led to important quantitative and
qualitative changes in the normal pattern of me-
tabolites. In the light of the results found here
and reported elsewhere a scheme has been pro-
posed to explain the biochemical events leading
to a loss in viability of the stored erythrocyte.
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