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Prolongation of the viability of red cells in 
vitro has been the goal of many investiga- 
tions. Freezing of red cells is theoretically a 
good solution; i t  is not as yet practical except 
under special conditions. Addition of nucleo- 
tides, as supplied by adenine (1) and, prefer- 
ably, of adenine and a nucleoside, inosine 
(2-4) , has achieved considerable success. 
However, while searching for longevity, study 
of the function of stored cells has been ne- 
glected. Valtis and Kennedy reported ( 5 )  
that the affinity of hemoglobin for oxygen 
increases with storage of blood in acid-citrate- 
dextrose (ACD) solution in the cold. With 
this increased affinity, oxygen release to tis- 
sue is decreased; several hours are required 
for partial restoration of normal oxygen re- 
lease. Such delay may have serious conse- 
quences in the case of acute blood loss. I n  
1967, Benesh and Benesh (6)  and Chanutin 
and Curnish ( 7 )  found that certain phos- 
phorylated compounds, particularly adeno- 
sine triphosphate (ATP) and 2, 
3 -diphosphoglycerate (2,3 -DPG) control the 
oxygen affinity of hemoglobin; ATP and 2 ,  
3-DPG appear to have a similar effect on a 
molar basis (8).  

Adenine added to ACD blood, while in- 
creasing the useful period of storage to 35 
days, was found to increase the oxygen-he- 
moglobin affinity ( 9 ) ;  incubation of stored 
ACD blood with inosine at 37--" was found 
to restore partially ATP, 2,3-DPG, and ox- 
ygen dissociatioa (8, 9) .  Bunn et al. (9) 
state that when inosine was added to ACD- 
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adenine blood a t  the time of collection, ox- 
ygen affinity increased much more slowly; 
addition of inosine a t  20 days of storage and 
incubation at  37", showed improvement of 
the level of 2,3-DGP and ATP, with de- 
creased oxygen affinity. Valeri and Hirsh 
(10) found that the ATP of stored ACD cells 
increases rapidly after transfusion, but 2 , 
3-DPG increases more slo'wly, being above 
the 50% level at  24 hr postransfusion and 
requiring 11 days to reach the maximal level. 
The improvement of the oxygen dissociation 
obtained by addition of inosine is of rela- 
tively short duration (8, 9 )  ; when inosine is 
added to red cells stored for a period of 
several weeks the improvement is small. 

Previous studies (4) had shown that multi- 
ple additions of adenine-inosine to stored 
blood increased significantly the ATP level 
and extended the viability of red cells to 56 
days of storage, (73.3% survival, 24 hr post- 
transfusion with a normal T-,%). These re- 
sults suggested the study of the effect of 
multiple additions of adenine and inosine on 
the 2,3-DPG and oxygen dissociation of red 
cells of ACD blood. 

Procedure and Methods. Blood was collect- 
ed from nine young healthy individuals into 
plastic bags containing acid-citrate-dextrose 
solution (ACD) N I H  formula L4.2 Samples 
for O-time determinations were obtained im- 
mediately after collection. The ACD blood 
was then chilled in chipped ice and divided 
into a number of aliquots of 10- to 50-ml vol, 
according to the nature of the study. These 
were maintained undisturbed a t  lo  t 0.5 
until the time of use. 

Adenine and inosine (AI) were combined 

2 Cutter Laboratories, Berkeley, Califsornia. 

443 



444 ADENINE-INOSINE AND STORED ERYTHROCYTES 

in a solution containing: Adenine base 
0.047 g ;  inosine 1.400 g ;  pa ren ted  0.99 
saline solution 100 ml. Of this solution 0.6 ml 
were used per gram of hemoglobin to obtain a 
concentration of adenine and inosine of 2 
and 30 pmoles per gram of hemoglobin, re- 
spectively. Sterilization was accomplished by 
passage through a Millipore filter with pores 
of 0.22 p. Regeneration was carried out a t  
1" for 1 or more days. The determination 
of the oxygen-hemoglobin equilibrium has 
been done with the method described by Ed- 
wards and Martin ( 1  1 )  , using the micro- 
equilibration apparatus developed by Sig- 
gaard-Andersen et al .  ( 12 ) . Oxygen dissocia- 
tion was measured a t  50% saturation point 
and will be expressed as Pso in millimeters of 
mercury. The estimation of 2,3-diphospho- 
glycerate was carried out by the procedure of 
Beutler et al. (13) ;  the adenosine triphos- 
phate content by the method of Beutler and 
Mathai (14). 

Results. Control values in freshly collected 
ACD blood from young healthy subjects are 
shown in Table I. Additions of adenine and 
inosine (AI) were made to blood stored a t  
lo.  Results shown in Fig. 1 are expressed 
in percentage of original values for purpose 
of comparison. The number of additions and 
the interval between additions was varied, as 
follows: six additions, a t  0, 2, 4, 7,  11, and 16 
days of storage; four additions, at 0, 2 ,  4, 
and 7 days; three additions, a t  0, 2 ?  and 4 
days; three single additions, at  0, 7 ,  and 14 
days of storage. After the first week, the ATP 

TABLE 1. Biological Variations mid Reproiiuei- 
liility of Tests i n  Freshly Collected ACT) Blood 

from Toiiiig, Henlthp Suhjrcts. 

Riologienl v:iri:i tioirs 
R n 11 ge :1..5-U.O 8.4-18.0 21 .242 .8  
Mrau  4.49 13.90 "(i.90 
S. 11. 11.81 4.97 2.90 
C.V. 18.1 % 2 1 . ( ) 70 11.0% 

C.V. 3.670 5.0% 2.0yo 
Eeproducibili t y  

a ATP arid 2,3-1>PG arc expressed as micro- 
inolcs/g hemoglobin. 

P, a"s mm of mercury n t  50% saturation. 
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FIG. 1. Each value represents the mean of deter- 
minations on three separate units of blo,od. Number 
a t  the end of each plotted line refers t o  experiments 
1:sted as follows: (1) six additions of adenine- 
inosine, a t  0, 2, 4, 7, 11, and 16 days of storage; ( 2 )  
four additions a t  0, 2, 4, and 7 days; (3) three 
additions at  0, 2, and 4 days; (4) single addition a t  
0 time; ( 5 )  single addition at 7 days; (6 )  single 
addition a t  14 days. The dotted lines show control 
values obtained with plain ACD stored blood. 

of blood stored in plain ,4CD solution drops 
fairly linearly and slowly so that a t  2 1  days 
the level is close to 80% of the original 
value. The 2,3-DPG drops rapidly, being 
down to about 40% a t  7 days of storage and 
less than 5% a t  2 1  days. The  Pjo drops 
rapidly during the first week of storage to 
about 70y0 of the original, but after that it 
drops slowly, the value being 66% of the 
original a t  21 days. Therefore, there is a good 
correlation between 2,3-DPG and the PE~O 
for the first week but after that the correla- 
tion is not so close. There is a good correla- 
tion between the sum of molar concentrations 
of ATP and 2,3-DPG and the PE~O ( r  = 
0.6672 a t  1% level). Optimal preservation of 
ATP, 2,3-DPG and Ps0 were obtained with 
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six additio,ns of A1 representing a total of 12 
pmoles of adenine and 180 pmoles of inosine 
per gram of hemoglobin; similar results were 
obtained with four additions of A1 represent- 
ing 8 pmoles of adenine and 120 pmoles of 
inosine per gram of hemoglobin, the last ad- 
dition occurring on day 7 of storage. 

Statistically (chi-square test), multiple ad- 
ditions of A1 produce a very significant in- 
crease of 2,3-DPG when compared with val- 
ues obtained in plain ACD blood at  22  days 
of storage (three additions vs control: 
43.1673; four additions: 62.2727; six addi- 
tions: 73.5007). Siingle additions of A1 gener- 
ally show no sustained increase of 2,3-DPG. 
Addition at  14 days shows a substantial in- 
crease of ATP; in another experiment the 
first addition of A1 was made at  13 days and 
weekly thereafter for 10 weeks. The 2,3-DYG 
after day 28 of storage dropped to negligible 
quantities, but ATP was maintained, being 
75741 of the original value at  70 days of stor- 
age. 

Discussion. Garby and deVerdier reported 
( 15) that under near physiological condi- 
tions, considerable amounts of ATP and 2 ,  
3-DPG were bound to hemoglobin, thus per- 
mitting a normal release of oxygen to tissues. 
We have shown that ATP, 2,3-DPG and Pso 
of ACD-stored red cells can be maintained at  
normal levels for a t  least 22  days of storage 
at  1' by multiple additions of adenine and 
inosine. Considering the slow utilization of 
adenine, it is evident that for a period of 
28-35 days of storage of blood in -4CD solu- 
tion, a single initial dose of adenine should be 
sufficient to maintain an adequate amount of 
ATP, hence of red cell viability ( 1) .  Previ- 
ous experience indicates that an addition of 2 
pmoles of adenine per gram of hemoglobin 
with 20-30 pmoles of inmine is sufficient to 
maintain viability of red cells for a t  least 35 
days, on the basis of 70% survival, or better, 
24 hours posttransfusion (4).  Inosine on the 
other hand is rapidly utilized and a single 
addition to fresh blood to obtain a concentra- 
tion of 30 pmdes per gram of hemoglobin 
exerts a beneficial effect on the 2,3-DPG for 
less than 7 days. When four or six cumulative 

0 time, a t  a rate exceeding the capacity of 
the red cell to utilize inosine, the 2,3-DPG, 
ATP, and are maintained a t  the level 
found in fresh blood for at  least 2 2  days; 
with four additions, from 0-7 days, no fur- 
ther additions are required for 2 weeks. Very 
frequent additions, therefore, are not needed 
but it is evident that when the first addition 
is made after day 13 of storage there is no 
significant restoration of 2,3-DPG or PSo. I t  
is also apparent that multiple additions of 
adenine, in excess of the requirement, failed 
to' alter the effect of inosine when inosine was 
added in sufficient amounts. Accumulation 
of hypoxanthine from large or repeated doses 
of inosine should not exclude the use of 
blood thus treated for clinical purposes, be- 
cause with a single washing of red cells with 
saline, hyposanthine and extracellular unme- 
tabolized adenine and inosine are reduced to 
4% of the original concentration. 

We acknodedge the substantial technical assis- 
tance of Miss M. Elizabeth Burns, Mrs. Patricia 0. 
Chartock. Mrs. Barbara G. Torg, Mr. Doris A. 
Wallace, and Mr. Richard B. 'Benner. 

1. Simon, E. R., Blood 20,485 (1962). 
2. Nakao, M., Nakao, T., Tatibana, M., Yoshi- 

kawa, H., and Abe, T., Biochem. Biophys. Acta 
32, 564 (1959). 

3. Strumia, M. M., Eusebi, A. J., and Strumia, P. 
V., J. Lab. Clin. Med. 71, 138 (1968). 

4. Strumia, M. M., Strum'a, P. V., and Eusebi, A. 
J,, J. Lab. Clin. Med. 75, 244 (1970). 

5 .  Valtis, D. J,, and Kennedy, A. C., Lancet 1, 119 
(19.5'4). 

6. Benesh, R., and Benesh, R. E., Biochem. Bio- 
phys. Res. Commun. 26, 162 (1967). 

7. Chanutin, A., and Curnish, R. R., Arch. Bio- 
chem. Biophys. 121, 96 (1967). 

8. Akcrbloom, O., deverdier, C.-IT, Garby, L., 
and Hogman, C., Scand. J. Clin. Lab. Invest. 21, 245 
(1968). 

9. Bunn, H. F., May, M. H., Kocholaty, W. E., 
and Shields, C. E., J. Clin. Invest. 48,311 (1968). 

10. Valeri, C. R., and Hirsh, N. M., J. Lab. Clin. 
Med. 73, 722 (1969). 

11. Edwards, M .  J., and Martin, R. J., J. Appl. 
Physiol. 21, 1898 (1966). 

12.  Siggaard-Andersen, O., Engel, K., Jgrgensen, 
K., and Astrup, P., Scand. J. Clin. Lab. Invest. 12, 

doses of A1 are added to blood beginning at 172 (1960). 



446 ADENINE-INOSIKE AND STORED ERYTHROCYTES 

13. Beutler, E., Meul, A., and Wood, L.A. ,  15. Garby, L., and del’erdier, D.-H., Folia Haema- 

14. Beutler, E., and Mathai, C., Blood 30, 311 
Transfusion 9, 109 (1969). 

(196’1). 

tol. 89, 421 (1968). 

Received June 12, 19’70. P.S.E:B.M., 1970, Vol. 135. 


