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Journal of Clinical Investigation
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The Mechanism of Action of Adenine in Red Cell
Preservation *

YOSHIKI SUGITA t AND ERNESTR. SIMON t
(From the Department of Medicine, University of Washington School of Medicine, the King

County Central Blood Bank, Seattle, Wash.; the Department of Medicine, Uni-
versity of New Mexico School of Medicine, and the Bernalillo County-

Indian Hospital, Albuquerque, N. M.)

Nakao and his associates have demonstrated
that when blood, which had previously been
stored at 40 C for 8 to 10 weeks in acid-citrate-
dextrose (ACD), was subsequently incubated at
370 C with both adenine and inosine, regeneration
of ATP and restoration of post-transfusion via-
bility took place (1-3). ATP regeneration did
not occur when the incubation medium contained
either adenine or inosine alone. Moreover, sup-
plementation of the ACD preservative with both
adenine and inosine at the beginning of storage
resulted in better maintenance of ATP and post-
transfusion viability than in samples stored with
inosine alone or not supplemented at all (3-5).

Although these studies indicated that both ino-
sine and adenine were necessary for rejuvenation
of long-stored erythrocytes, it seemed possible
that adenine could act without inosine in prevent-
ing loss of red cell viability when it was present
from the beginning of storage, since at that time,
unlike later in storage, glucose utilization for
energy production is still intact. Moreover, elim-
inating inosine would have the further advantage
of avoiding toxicity from uric acid overload in
the recipient. Accordingly, we investigated the
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effect of supplementing the ACD preservative
with adenine alone from the beginning of storage
and showed that small amounts of adenine, with-
out nucleoside, preserve satisfactory viability of
stored erythrocytes for at least 5 weeks. Adenine
also maintained higher ATP levels throughout the
6-week storage period and better preservation of
erythrocyte glycolytic capacity, measured at the
end of the storage period, than in control cells
kept in ACD. Gluose consumption and lactate
formation throughout the storage period were
little affected with optimal adenine supplements
despite the maintenance of higher ATP levels
(6, 7).

The present studies were undertaken to eluci-
date the mechanisms whereby these effects were
achieved. The influence of adenine supplementa-
tion after 2 weeks of refrigerated storage was
also investigated to determine whether such de-
layed addition would be as effective, or perhaps
even more effective, in maintaining adenine nu-
cleotide concentrations, than supplementation at
the outset.

Methods

Materials. Adenine sulfate (lot no. A89-70),' adenine-
8-C1',2 Dowex-1 X 10 chloride (200 to 400 mesh),3 cation
exchange resin AG-50W-HWX 2 (50 to 100 mesh),4
terphenyl and 1,4-bis-2- (5-phenyloxazolyl) -benzene
(POPOP),5 Tween 80 and Span 80,8 and Thixcin 7
were obtained commercially.

The paper radiochromatograph of the adenine-8-C'
supplied by the manufacturer revealed a single peak
[n-butanol saturated with water: NH4OH (4: 1, vol/

1 Sigma Chemical Co., St. Louis, Mo.
2 New England Nuclear Corp., Boston, Mass.
8J. T. Baker Chemical Co., Phillipsburg, N. J.
4 Bio-Rad Laboratories, Richmond, Calif.
5 Packard Instrument Co., La Grange, Ill.
6 Atlas Powder Co., Wilmington, Del.
7 Baker Castor Oil Co., Los Angeles, Calif.
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vol)]. Likewise, in our radiochromatography, more than
99.7% of the radioactivity was associated with the adenine
peak [isobutyric acid: 1 M NH40H: 0.1 M disodium
EDTA (100: 60: 1.6)].

The adenine supplements were prepared in 0.15 MNaC1
as follows: For the addition of trace amounts, adenine-
8-C14 was dissolved to a concentration of 0.5 Amole and
0.75 ,uc per ml (experiment 1) and 0.78 umole and 2.5 /Ac
per ml (experiment 2). For larger supplements, adenine-
8-C14 and carrier adenine sulfate were dissolved to a
final adenine concentration of 20 Amoles and 1 ,uc per ml
(experiment 1); the corresponding values for experiment
2 were 20 ,moles and 3.5 /Ac per ml. For experiments 3
and 4, solutions of adenine sulfate containing 20 gmoles
per ml were used. The solutions were sterilized through
Millipore 8 filters, and their concentration of adenine was
calculated as described previously (6).

Design of experiments. For experiments 1 and 2, 480
ml of blood from healthy donors was drawn into plastic
bags containing 72 ml of ACD (National Institutes of
Health, formula A) and each unit divided into three
smaller bags.9 Immediately thereafter, one bag was sup-
plemented with a trace amount of adenine-C" to give a
final adenine concentration of 0.02 ,umole per ml ACD-
blood, and another received 0.6 ,umole adenine-C" per ml
ACD-blood. The third bag was supplemented with 0.6
,tmole adenine-C" per ml ACD-blood after 2 weeks of
storage. The blood-filled bags were stored at 40 C and
portions removed for analysis at intervals up to 6 weeks.
Experiments 3 and 4 were similar except that nonradio-
active adenine supplements were used. Experiments 1 and
2 were studied consecutively, 3 and 4 concurrently.

Separation of nucleotides, nucleosides, purines, and 2,3-
diphosphoglycerate (2,3-DPG). Sixteen-ml samples of
whole blood and 8-ml portions of plasma were extracted
with 2 vol of cold 0.6 N perchloric acid (PCA) and
centrifuged at 40 C. The precipitates were re-extracted
once with 15 ml 0.6 N PCA. The combined supernatant
solutions were brought to pH 9 with 20%o KOH, centri-
fuged to remove the precipitated salt, and then applied
to Dowex-1-formate columns, 1 X 16 cm. Unknown ul-
traviolet absorbing materials and adenosine, if any, were
eluted with 100 ml of water. Next, adenine, inosine, hy-
poxanthine, and xanthine were eluted but not resolved
with 300 ml 0.005 N formic acid. Uric acid was eluted
with 250 ml of 0.05 N formic acid. After the removal
of these purines, nucleosides, and uric acid, the separa-
tion of nucleotides and 2,3-DPG was carried out with
gradually increasing concentrations of formate as de-
scribed by Hurlbert, Schmitz, Brumm, and Potter (8).
The water eluates from the Dowex-1-formate columns
were applied to AG-50W-H+ columns, 0.9 X 12 cm,
washed with 100 ml of 0.1 N HCl, and eluted with 200
ml of 0.5 N HCl to recover adenosine, if any. To sepa-
rate the purines and inosine, the 0.005 N formic acid

8 Millipore Filter Corp, Bedford, Mass.
9 Lot no. FS 0555B, Cutter Laboratories, Berkeley,

Calif.

eluates were also applied to AG-50W-H+ columns, and
xanthine and inosine, if any, were eluted with 100 ml of
0.1 N HCl, hypoxanthine with 200 ml of 0.3 N HCl,
and adenine with 250 ml of 0.8 N HCl. The xanthine
and inosine eluates were evaporated to dryness to re-
move HCl, redissolved in 10 ml of distilled water, and
separated on Dowex-1-formate columns with 250 ml of
0.005 N formic acid. The Dowex-1-formate columns
were eluted at 40 ml per hour, the AG-50W-H+ columns
at 150 ml per hour. The eluates from each column were
collected in 10-ml fractions, and the optical density of
each fraction was measured at 260 mg with a Beckman
model DU spectrophotometer. In addition, fractions
eluted with water or 0.005 N formic acid from Dowex-1-
formate columns and all eluates from AG-50-H+ columns
were read at 250 m,. The peaks were identified from
their ultraviolet absorbing spectra (9) by a Beckman
model DK spectrophotometer and by their phosphate
(10) and ribose (11) content. 2,3-DPG was quantified
by phosphate assay. The over-all column recoveries of
adenine, hypoxanthine, adenosine, and inosine were 96,
95.5, 100 to 102, and 99 to 100%, respectively. In experi-
ment 2, ATP was also measured enzymatically by the
coupled reaction 3-phosphoglycerate kinase-glyceralde-
hyde-3-phosphate dehydrogenase (12) adapted for red
cells by using 2 vol of cold 0.6 N PCA to 1 vol of blood
for deproteinization.10 The enzymatic ATP values were
6.7 + 5.7%o lower than those obtained by column chroma-
tography on the same filtrate. In experiments 3 and 4,
ATP was measured enzymatically only.

Concentrations of metabolites are expressed as micro-
moles per gram hemoglobin.

Liquid scintillation counting of radioactivity in aqueous
samples. A thyxotropic gel (14) was prepared by adding
to 250 ml of cold toluene, 750 mg terphenyl, 7.5 mg
POPOP, 2 ml emulsifier (1 part Tween 80: 9 parts
Span 80), 2.5 ml glycerol, and 6.25 g Thyxcin. The mix-
ture was homogenized in a high speed blender, and 15-
ml quantities were transferred to counting vials. Five-
tenth-ml samples from the eluate fractions were pipetted
into the counting vials, shaken with the gel, counted in a
Packard Tri-Carb liquid scintillation spectrometer, and
compared with standards containing adenine-C'4 and con-
centrations of acids and salt comparable to those of the
corresponding eluates. Counting efficiency varied from 27
to 33%o with a background of about 25 cpm.

Specific radioactivity was calculated from the radio-
activity and absorbancy of fractions representing the ultra-
violet absorbing peaks.

Other methods. Pyruvate was estimated enzymatically
with lactic dehydrogenase (15). Glucose, lactate, hemo-
globin, hematocrit, and pH were measured as described
previously (6).

10We found that a 1: 1 PCA filtrate, prepared as de-
scribed in the directions, led to incomplete extraction of
the ATP. A detailed evaluation of this method is in
preparation (13).
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TABLE I

Purine compounds of blood after storage in ACD or ACDplus adenine*

Experiment 1 Experiment 2

Days Days
1 9 16 30 44 1 4 8 16 30 44

pmoles/102 g hemoglobin &moles/102 g hemoglobin
Control with Ad-C'4 tracer
Ad 10 <0.1 <0.1 <0.1 11 to 15 <0.03 <0.03 <0.03
ATP 375 260 193 120 403 331 232 173
ADP 47.6 47.2 49.2 35.2 37.3 72.5 38.2
AMP < 1.6 13.0 32.2 29.9 6.4 18.2 32.1 27.7
IMP 17 50.0 49.6 50.8 6.4 67.0 62.2 49.4
Hx 2.4 <0.1 88.0 164 1.1 <0.1 64.4 158
AX 13.3 19.7 16.5 26.2 8.2 15 19.1 > 12

Total 467 390 429 426 473-477 482 458

Adenine added day 0
Ad 474 345 321 303 263 435 425 350 261 243 197
ATP 378 411 356 326 263 401 412 426 457 347 316
ADP 51.6 86.4 72.8 72.4 71.6 39.3 50.3 56.9 82.7 91.6 71.4
AMP 2.8 24.1 25.3 44.6 43.8 8.0 9.1 17.0 30.7 45.4 45.2
IMP 17 26.8 23.0 27.9 28.1 8.1 8.6 16.7 23.5 17.5 33.5
Hx 3.6 22.8 42.8 135 216 2.5 4.3 9.5 37.5 142 223
AX 14.7 21.2 22.4 23.4 38.8 9.1 11.1 12.6 11.6 24.2 21.2

Total 942 937 863 932 924 903 920 889 904 910 907

Adenine added day 14
Ad 386 344 293 382 332 268
ATP 303 270 214 380 312 282
ADP 62.4 69.2 57.2 73.7 80.1 67.6
AMP 29.6 48.5 43.4 28.4 38.3 40.6
IMP 43.5 24.4 25.2 53.3 27.6 28.6
Hx 10 102 207 3.7 96.2 170
AX 25.8 19.7 28.0 17.6 19.8 17.0

Total 860 878 868 939 906 874

* ACD= acid-citrate-dextrose; Ad = adenine; ATP, ADP, and AMP= adenosine tri-, di-, and monophosphate;
IMP = inosine monophosphate; Hx = hypoxanthine; AX = unknown adenine-containing compound (see Results).
The hemoglobin concentration was 12.5 g per 100 ml in experiment 1 and 11.0 g per 100 ml in experiment 2.

Results

In the experiments to be described, radioactive
adenine (0.6 Mmole per ml) was added to ACD-
blood either at the beginning or after 2 weeks
of refrigerated storage and its effect on purine

metabolism and glycolysis throughout a 6-week
storage period compared with ACD-blood con-

trols, containing adenine-C14 in trace amounts

(0.02 /Amole per ml).
The quantitative results are given in Tables I

and II. Since the results of experiments 1 and
2 were similar, only experiment 2 was selected
for graphic presentation.

I) Purine metabolism

A) Intracellular concentration of purine com-

pounds. In the adenine-supplemented samples

the initial adenine concentration decreased rapidly
(Figure 1 and Table I). In samples supple-
mented at the beginning of storage, the ATP
concentrations increased during the first 1 to 2
weeks reaching maximal values that were 10 and
14% higher than at the outset. Thereafter the
ATP concentrations slowly declined so that by
6 weeks 70 and 79% of the initial ATP concen-
tration were preserved compared with 32 and
43% for the ACD controls. Adenine supple-
mentation after 2 weeks of storage also resulted
in an initial increase in ATP followed by a de-
cline; by 6 weeks, 57 and 70% of the initial ATP
concentration remained.

In a second study of similar design 2 addi-
tional U of blood were collected, subdivided, por-
tions supplemented with adenine, and stored at
40 C (experiments 3 and 4). In the adenine-
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supplemented samples an initial ATP increase
(6 and 117%), measured enzymatically, preceded
the subsequent decline (Figure 2). By 6 weeks,
61 and 69%o of the initial ATP concentration re-
mained with supplementation from the beginning,
7511 and 35%o with addition at 2 weeks, as com-
pared with 38 and 24% in the ACD controls.

In addition to its influence on ATP, adenine
also resulted in the maintenance of higher ADP
and adenosine monophosphate (AMP) levels
throughout the storage period (Figure 1 and
Table I); supplementation at the outset was
slightly more effective in this respect than was
addition after 2 weeks. In all the samples, the
levels of AMPincreased up to 4 weeks of storage
and then remained unchanged. The behavior of
ADP was slightly more variable. In experi-
ment 1, adenine supplementation, either at the
beginning or after 2 weeks of storage, led to a
rapid increase in ADP with a slight decline after
4 weeks. In experiment 2, ADP increased in all
samples (more with adenine) reaching a maxi-
mumafter about 4 weeks, and then declined.

The effect of adenine on total adenine nucleo-
tide levels (AMP, ADP, and ATP) is illustrated
in Figure 3. With supplementation from the be-
ginning maximal adenine nucleotide concentra-
tions were achieved within 1 to 2 weeks that were
22 and 27%o higher than at the outset of storage.
By 6 weeks, 88 and 97%o of the initial total ade-
nine nucleotide concentration were preserved
with initial adenine supplementation, and 74 and
87%o were preserved when it was delayed 2 weeks,
compared with 43 and 53%o for the controls con-
taining adenine-C'4 tracer.

During the first 2 weeks of storage, hypoxan-
thine accumulated only in the adenine-supple-
mented samples; thereafter, its rate of accumula-
tion increased, was approximately linear with
time, and was not influenced by the presence of
adenine. In the ACD controls with adenine-C'4
tracer, hypoxanthine was present in small amounts

30 40 11 This figure seems at variance with the remainder of
e the data and may represent variability of behavior of

donor erythrocytes or undetected experimental error.
FIG. 1. SERIAL DETERMINATIONS OF PURINE-CONTAIN-

ING COMPOUNDSIN BLOODSTOREDAT 40 C WITH ADENINE.

Experiment 2: ACD control containing tracer (0.02
/Amole) adenine Cal, Q--- -Q; 0.6 ,mole of adenine per

ml ACD-blood added on day 0, 0- ; 0.6 .mole of

adenine added on day 14 (arrows), A- --A. ACD=

acid-citrate-dextrose; ATP, ADP, and AMP= adeno-
sine tri-, di-, and monophosphate; IMP= inosine mono-

phosphate.
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FIG. 2. SERAL DETERMINATIONSOF ATP IN BLOOD STOREDAT 40 C WITH
ADENINE. ATP was measured enzymatically. Where indicated, 0.7 Smole
of adenine sulfate was added per ml ACD-blood. The hemoglobin concen-
tration was 10.0 g per 100 ml in experiment 3 and 12.9 g per 100 ml in ex-
periment 4.

on the first day of storage but was not detected
in the day 16 samples.

In the ACD controls with adenine-C14 tracer,
inosine monophosphate (IMP) had reached its
maximal concentration by 2 weeks of storage. By
contrast, with substrate amounts of adenine pres-
ent from the beginning, the rate of increase in
IMP was more gradual and reached only about
one-half the concentration found in the controls.
Adenine supplementation after 2 weeks of storage
led to a decrease in IMP so that by 6 weeks
IMP levels were slightly lower than those ob-
tained with adenine supplementation from the
beginning.

B) Specific radioactivity of purine compounds.
The specific radioactivity data for experiment 2
are plotted in Figure 4; the total radioactivity
recovered in the purine compounds (per gram of
hemoglobin) for both experiments is given in
Table II.

After the addition of adenine-C14 the specific
radioactivity of AMP at first exceeded that of
ADP and ATP (Figure 4). Subsequently, the
specific activities of the three adenine nucleotides
in each blood sample were similar to each other.
In samples supplemented with 0.6 Immole of ade-

nine, the specific activities of the adenine nucleo-
tides gradually increased with time. By con-

0
E4a

E
0
so

0

An
0

E

Adenine added Day 0
Adenine added Day 14
ACD- Control

- -
Ar - --

0- --C

Days of Storage

FIG. 3. SUM OF THE ADENINE NUCLEOTIDES (AMP,
ADP, AND ATP) IN ACD-blood stored at 40 C WITH
ADENINE. Experiment 2.

633



YOSHIKI SUGITA AND ERNESTR. SIMON

Adenine - C14 added Day 0
A

Adenine - C14 added Day 14
A

A

0... 0
-

_i --

x,--- 0

x ACD-.Control
(with Adenine-C14 trac

A

* 0

,--o
I -

-
x

I - _

,A-

I Adenine A

| Hypoxanthine
_ j AMP

ADP I

I' ATP
I AMP

M

I

II ..

trast, in control samples containing only trace
quantities of adenine (0.02 jumole) they decreased

A slightly after 2 weeks of storage. This was more
pronounced in experiment 2 and may be due, in
part, to an unexplained progressive decline in the
total radioactivity recovery in this control sample
(Table II).

With initial adenine supplementation the spe-
cific activities of hypoxanthine were similar to
those of AMPon the first day of storage; there-
after the hypoxanthine and adenine nucleotide
specific radioactivities were approximately the
same. With supplementation later in storage
(when hypoxanthine accumulation had already
begun) the hypoxanthine specific activities were

A usually less than those of the adenine nucleotides.
With supplementation of substrate amounts of

adenine-C14, the IMP specific activities were
lower than those of the other compounds. This

4 was more pronounced with adenine supplementa-
0

tion later in storage when considerable IMP ac-
cumulation had taken place. The specific activity
of adenine remained constant throughout the
storage period.

Neither inosine nor adenosine was detected in
any of the samples throughout the 6-week storage

:er) period. The small amounts of xanthine (0.05 to
0.08 jumole per g hemoglobin) that were present
remained approximately constant and equal in
all samples. Although small amounts of radio-
active adenine were incorporated into as yet un-
identified compounds (one such compound, AX,
was eluted between ADP and ATP and is in-
cluded in Tables I and II), the sum of adenine,
hypoxanthine, IMP, AMP, ADP, ATP, and AX
remained nearly constant in each sample through-

A out the storage period (Table I). The con-
o stancy of this sum has been noted previously (16,
x 17).
a C) Purine compounds in plasma. Of the
* purine-containing compounds, only adenine, hypo-

xanthine, xanthine, and uric acid were detected in
plasma. Adenine and hypoxanthine were found

to 20 30

Days of Storage
40

FIG. 4. SERIAL SPECIFIC RADIOACTIVITY OF PURINE-

CONTAINING COMPOUNDSIN BLOOD STOREDAT 40 C WITH

ADENINE-C". Experiment 2: ACD control containing

tracer (0.02 ,mole) adenine-C14, -; adenine-C"4 (0.6
,umole) added on day 0, ; adenine-C14 (0.6 Amole)
added on day 14, - --. The specific radioactivity of
adenine in the supplemented samples remained constant
throughout the storage period. No adenine was detected
in the ACD controls containing tracer adenine-C14 after
the first day of storage.
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TABLE HI

Radioactivity in purine compounds of blood after storage with trace or substrate amounts of adenine-C145

Experiment 1 Experiment 2

Days Days

1 9 16 30 44 1 8 16 30 44

cpm X 101/g hemoglobin cpm X 101/g hemoglobin
Control with Ad-C"4 tracer
Ad 8.8 25.2 to 35.2
ATP 8.21 11.8 8.15 4.82 5.60 34.8 19.5 13.3
ADP 0.99 2.35 2.12 1.39 0.54 6.80 3.22
AMP <0.07 0.73 1.62 1.52 0.13 1.91 3.16 2.22
IMP 0.12 2.36 2.16 2.02 7.90 5.37 4.11
Hx 0.04 0.0 3.92 7.03 <0.08 0.0 7.15 14.30
AX 0.09 0.70 0.49 0.77 0.06 1.39 1.56 0.70

Total 18.3 17.9 18.4 17.5 43.5 37.8

Adenine added day 0
Ad 16.8 12.40 11.5 10.70 9.41 54.8 43.7 31.8 30.8 23.6
ATP 0.39 4.61 4.77 4.86 4.15 0.39 11.5 18.6 15.7 15.3
ADP 0.05 0.92 0.97 0.96 1.14 0.40 1.67 2.97 3.83 3.40
AMP 0.26 0.34 0.66 0.72 0.06 0.54 1.18 2.05 2.17
IMP 0.02 0.17 0.22 0.30 0.02 0.29 0.60 0.53 0.97
Hx 0.03 0.51 0.51 1.86 3.11 0.03 0.30 1.27 6.21 10.25
AX 0.02 0.13 0.20 0.27 0.52 0.04 0.31 0.30 0.90 0.63

Total 17.3 19.0 18.5 19.3 19.3 55.7 58.3 56.7 60.0 56.3

Adenine added day 14
Ad 12.5 11.7 9.55 44.3 41.8 31.6
ATP 1.92 2.86 2.68 7.33 9.10 9.59
ADP 0.38 0.71 0.64 1.44 2.58 2.34
AMP 0.26 0.51 0.59 0.57 1.18 1.46
IMP 0.08 0.09 0.13 0.36 0.25 0.42
Hx 0.04 0.73 2.11 0.08 2.27 5.34
AX 0.09 0.19 0.28 0.18 0.52 0.38

Total 15.3 16.8 16.0 54.3 57.7 51.1

* See Table I for abbreviations.

in higher concentrations within the cells. On
the assumption that 70% of the cell volume and
93% of the plasma are water, the intracellular
concentration of adenine averaged 1.8 times that
of plasma; the corresponding figure for hypoxan-
thine was 1.5. These ratios were independent of
the duration of storage. The specific activities
of adenine and hypoxanthine were approximately
the same inside and outside the cells. Adenine
was not detected in the ACD control samples
supplemented with adenine-C14 tracer after the
first day of storage.

II) Glycolysis

Glycolysis was measured by glucose disappear-
ance and lactate formation throughout the storage
period. With adenine, glycolysis was slightly

lower than in samples kept in ACDalone, as was
reported previously (6). In all samples, 2,3-DPG
decreased rapidly and reached the lowest value
by the end of 2 weeks. With adenine the rate of
decrease was more rapid than in its absence (Fig-
ure 5). Pyruvate accumulation during the stor-
age period was small.

The pH (measured at room temperature) was
7.12 to 7.20 at the outset of storage and declined
to values between 6.74 and 6.79 after 6 weeks.
Adenine supplementation did not influence these
values, as was previously reported (6).

Discussion

In our previous studies (6, 7), we showed that
supplementation of the ACD preservative with
small amounts of adenine resulted in better main-
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tenance of red cell post-transfusion viability and
ATP levels throughout a 6-week period of refrig-
erated storage. The present studies were under-
taken to elucidate the mechanisms whereby these
effects were achieved.

With adenine supplementation (0.6 /Lmole per
ml ACD-blood) at the beginning of storage, the
levels of all three adenine nucleotides, ATP,
ADP, and AMP, increased up to 2 weeks of
storage. In control samples with tracer adenine-
C14 (0.02 jumole per ml) the ATP levels de-
creased steadily, ADP showed little change, and
AMP increased but not so much as with sub-
strate adenine. Thereafter, the ATP levels de-
clined in all samples, but the rate of decline was
less when adenine was present. Thus, under
these conditions the presence of adenine in sub-
strate amounts led to a net synthesis of adenine
nucleotides early in storage, achieving levels
higher than those present in the fresh blood.
Moreover, adenine maintained not only higher
ATP levels but also higher adenine nucleotide
levels throughout the storage period. As the
adenine concentration declined, the concentration
and radioactivity of the adenine nucleotides in-
creased, indicating incorporation of adenine into
the adenine nucleotides. Although the rate of
adenine incorporation was more rapid early in
storage, the continued gradual disappearance of
adenine and the sustained rise in the adenine
nucleotide specific radioactivity indicated that
adenine incorporation continued throughout the
storage period. These findings support the earlier
observations that freshly drawn, as well as
stored, human red cells are capable of incorpo-

TABLE III

Changes in purines and total adenine nucleotide concentra-
tions between days 16 and 44 of storage with and without

0.6 umole adenine per ml ACD-blood

Experi- 1 2 3 4
ment A AN* A Ad A Hx 21,2,3

jsmoles/102 g hemoglobin
1 Control -135 +164 +29

Adenine (day 0) - 75 -58 +173 +40
Adenine (day 14) - 80 -93 +197 +24

2 Control -156t +158 + 2t
Adenine (day 0) -139 -64 +185 -18
Adenine (day 14) - 92 -114 +166 -40

* AN = Sum of ATP, ADP, and AMP.
t The ADPvalue on day 16 was lost. These numbers represent ap-

proximations using an extrapolated value of 50 umole tADP per 102 g
hemoglobin for day 16 (see Table I).

.0 - 2, 3 -DPG
0

&0 -------- Pyruvate
E

XP \E
25

0'

(0
a,~ ~ ~ a
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FIG. 5. SERIAL DETERMINATIONSOF 2,3-DIPHOSPHOGLYC-
ERATE (2,3-DPG) AND OF PYRUVATEIN BLOOD STOREDAT
40 C WITH ADENINE. Experiment 2: Same symbols as in
Figure 1.

rating adenine into adenine nucleotides (18, 19),
resulting in net adenine nucleotide synthesis (2,
20-22).

This continued slow incorporation of adenine
into adenine nucleotides, rather than any inhibi-
tory effect of adenine on adenine nucleotide break-
down, appeared responsible for the slower decline
of total adenine nucleotides with adenine supple-
mentation (Table III). Thus, between days 16
and 44 of storage, the rate of hypoxanthine ac-
cumulation was similar in all samples (column
3), and the amount of adenine that disappeared
(column 2) approximated the difference in ade-
nine nucleotide decline between samples stored
with and without adenine (column 1). There
was no breakdown of adenine nucleotides into
adenine since the specific radioactivity of adenine
remained constant throughout the storage period.
When adenine was added to the ACD-blood after
2 weeks of storage, the changes in nucleotide and
purine concentrations and in specific radioactivi-
ties were qualitatively similar, but quantitatively
less than when fresh blood was supplemented
with adenine.

Any mechanism for adenine incorporation into
adenine nucleotides by stored red cells must ex-
plain 1) the initially higher specific radioactivities
of AMPas compared with ADP and ATP, 2)
the subsequent similar specific radioactivities of
the three adenine nucleotides, 3) the constant
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specific radioactivity of adenine throughout the
storage period, 4) the accumulation of hypoxan-
thine only in samples supplemented with sub-
strate amounts of adenine during the first 2 weeks
of storage, 5) the suppression of the increase in
IMP with initial supplementation, and 6) the re-

duction in IMP concentration when adenine is
added after 2 weeks.

The following reactions are consistent with
these observations:

Ad + PRPP AMP+ PP [1]

PP 2-Pinorganio [2]

AMP+ ATP 2 ADP [3]

Glucose + 2 ADP+ 2Pinorgaunic
2 lactate + 2 ATP [4]

Hx + PRPP IMP + PP [5]

Adenine (Ad) initially reacts with 5-phos-
phoribosyl-l-pyrophosphate (PRPP) to form
AMPand pyrophosphate (PP) via AMP-pyro-
phosphorylase (20, 23) (step 1). Removal of
pyrophosphate via inorganic pyrophosphatase
(step 2) would account for the irreversibility of
step 1. The increased AMPreacts with ATP via
adenylate kinase to form ADP (24, 25) (step
3). Finally, ADPis phosphorylated to ATP via
Embden-Meyerhof glycolysis (line 4). If the
amount of PRPPwithin the red cell is limited and
Ad successfully competes with hypoxanthine
(Hx) for PRPPwith respect to nucleotide for-
mation (step 5), Hx accumulation will begin
earlier and IMP accumulation will be reduced
when Ad is supplied, as was observed.

An additional mechanism for the incorporation
of adenine into adenine nucleotides would involve
the formation of adenosine from ribose-l-phos-
phate and adenine via purine nucleoside phos-
phorylase.- Adenosine would then be phosphory-
lated to form AMP with an adenosine kinase.
There are several objections to invoking this
mechanism. First, although nucleoside phos-
phorylase activity utilizing adenine (measured in
the direction of nucleoside formation) has been
demonstrated in beef liver (26), the substrate
specificity of human erythrocytic purine nucleo-
side phosphorylase (measured in the direction of
purine formation) includes inosine and guanosine
but apparently not adenosine (27, 28). Second,
even if adenosine were formed, it is unlikely that

appreciable quantities would accumulate, since
blood contains a very active adenosine deaminase
(29, 30) and, in fact, adenosine was not detected
at any time in the course of the present experi-
ments. Finally, incubation of human red cells
with adenosine-8-C14 failed to produce more label-
ing in the adenine portion of ATP than did ino-
sine-8-C14 (22). Nevertheless, red cell viability
is better maintained with adenosine than with
inosine (3), and adenosine appears to be more
effective than inosine, inosine plus adenine, or
adenine alone in maintaining and regenerating
ATP in stored or nucleotide-depleted cells (2,
31-38). Since adenosine, through deamination,
may raise pH and would thus be expected to
maintain hexokinase activity (39), possibly some
of the aforementioned effects of adenosine on
ATP maintenance and viability may be explained
by this means. Until this or some other mecha-
nism of action of adenosine is confirmed, the
possibility that adenosine is an intermediate in
the mechanism of action of adenine cannot be
completely discarded.

Since adenine incorporation results in net ade-
nine nucleotide synthesis and the maintenance of
higher adenine nucleotide levels throughout the
storage period, more energy for high-energy phos-
phate bond formation would appear to be required
in adenine-supplemented than in control samples.
The most obvious energy source is glucose, but
in these experiments as well as in the ones previ-
ously reported (6), there was slightly less glucose
disappearance and lactate formation in the samples
supplemented with adenine. The explanation may
lie in the utilization of different pathways for glu-
cose breakdown. Thus, 1,3-diphosphoglycerate
may be converted to 3-phosphoglycerate either via
phosphoglycerate kinase or via 2,3-diphospho-
glyceromutase and 2,3-diphosphoglycerate phos-
phatase-the Rapoport-Luebering cycle (40).
The former reaction provides an energy generat-
ing mechanism, the latter reactions a means for
excess energy dissipation. If, in the presence of
adenine, a greater proportion of 1,3-diphospho-
glycerate is metabolized via the phosphoglycerate
kinase reaction, an increased yield of high-energy
phosphate would be expected without changing
glucose utilization or lactate formation. Con-
sistent with this hypothesis are the observations
in the adenine-supplemented samples of higher
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ADP levels (Figure 1 and Table II), which
would be expected to favor 1,3-diphosphoglycerate
metabolism via phosphoglycerate kinase (41), and
the more rapid decline of 2,3-DPG (Figure 5).

These studies also provide some information
about the degradative sequences of the purine
compounds during the storage period. As indi-
cated above, hypoxanthine accumulated only in
the adenine-supplemented samples during the
first 2 weeks of storage. Its specific activity 24
hours after adenine addition was similar to that
of AMPbut higher than that of ATP, ADP, or
IMP. Subsequently, the specific radioactivities
of the three adenine nucleotides and of hypoxan-
thine were similar but higher than the specific
radioactivities of IMP. This suggests that a
major route of AMPdegradation does not pass
through IMP, in contrast to previous reports
(16, 18). Rather, AMPmay be hydrolyzed to
adenosine (42), then deaminated to inosine (29,
30, 43, 44), which finally undergoes phosphorol-
ysis to hypoxanthine (27, 28, 45, 46).

Some of the hypoxanthine may then be in-
corporated into IMP (16, 18) (step 5), but the
specific radioactivity of the IMP will be lower
than that of the other compounds due to dilution
with the unlabeled IMP present at the beginning
of storage (Table I) or before labeled adenine
appears as labeled hypoxanthine (Figure 4).

With adenine supplementation later in storage,
the reduction in IMP concentration (Figure 1)
and the lowered specific radioactivities of hypox-
anthine in relation to the specific radioactivities of
the adenine nucleotides (Figure 4) suggest that
IMP gives rise to hypoxanthine, probably by
hydrolysis to inosine followed by phosphorolysis.

Neither adenosine nor inosine was detected
during the storage period. Thus, the rate de-
termining steps would appear to be the hydroly-
sis of AMPand IMP. Since xanthine oxidase is
missing from human blood (47), the uric acid
did not become radioactive, nor did its concen-
tration change during the storage period.

In the control samples containing trace quanti-
ties of adenine, the specific radioactivities of the
adenine nucleotides decreased slightly after 2
weeks of storage (Figure 4). This suggests that
the adenine moiety of the nucleotides may be sup-
plied from sources other than radioactive adenine.
The synthesis of adenine from simpler units by

stored blood appears most unlikely (22), and
interconversion of guanine nucleotides to adenine
nucleotides appears limited as well (22). In the
present experiments, the adenine nucleotide frac-
tions that are eluted from the columns just after
ATP (48-52) and that identified as adenylyl-2,
3 diphosphoglyceric acid (53, 54) contained prac-
tically no radioactivity, and their concentrations
decreased with time. It is possible that these
as well as other unknown purine compounds
present in small amounts entered the pool of
adenine nucleotides and thus diluted their spe-
cific radioactivities. The specific radioactivity
decline in experiment 2 was more marked than
in experiment 1 (Figure 4), which, as was previ-
ously noted, may be due to an unexplained pro-
gressive decline in the total radioactivity recovery
in this control sample (Table II).

The present studies support our previous ob-
servations (6) that red cells stored with small
supplements of adenine (0.5 to 1.0 ttmole per
ml ACD-blood) contain more ATP after 6 weeks
of refrigerated storage than do control samples
stored without adenine. Recently, the effective-
ness of adenine supplementation (0.6 ,umole per
ml) in maintaining higher ATP and adenine nu-
cleotide levels was confirmed by Bishop, using
48-hour incubations at 370 C (55), by Beutler
and Duron, during storage at 40 (56), and by
de Verdier, Garby, Hjelm, and H6gman (57), also
at 40, who confirmed the improved post-trans-
fusion viability as well. However, two publica-
tions have failed to confirm the effectiveness of
adenine in maintaining ATP levels. Ferber and
Fischer (58) published the results of a single
donor unit in which the addition of 0.5 Mmole
of adenine per ml ACD-blood did not influence the
decline in ATP. In the single unit studied by
Shafer and Trombold (38), not only did 0.75
,umole of adenine per ml ACD-blood fail to pre-
serve significantly more ATP than did ACD
alone, but only "trace" quantities of ATP re-
mained after 6 weeks of storage, whether or not
adenine was added. In the present four experi-
ments, the concentration of ATP remaining after
6 weeks varied from 2.6 to 3.2 fumoles per g
hemoglobin (61 to 79%o of the initial ATP con-
centration) with adenine, and 1.0 to 1.7 jumoles
per gram hemoglobin (24 to 43% of the initial
ATP concentration) in the ACD controls. The

638



MECHANISMOF ACTION OF ADENINE IN RED CELL PRESERVATION

minimal difference in ATP concentration between
an adenine-supplemented sample and its ACD
control was 1.2 ,umoles per g hemoglobin. To date,
we have measured ATP after 6 weeks of refrig-
erated storage with and without 0.5 to 1.0 ptmole
of adenine (as adenine sulfate) in 23 U of blood.
Higher ATP levels in the adenine-supplemented
samples were uniformly observed. The reason
for the discrepant- results among these studies
is not evident. The concentration of adenine
and the conditions of storage appear similar. An
apparently minor technical difference involved the
use by Shafer and Trombold of adenine that was
prepared in ACDand autoclaved, whereas in our
studies, the adenine sulfate was dissolved in 0.15
M NaCl and sterilized by filtration. This does
not seem a likely explanation for the different
results. Ferber and Fischer do not specify pre-
cisely how their adenine was prepared.

Our studies may permit the speculation that if
means could be found to sustain the initial rapid
rate of adenine incorporation, higher adenine
nucleotide levels throughout the storage period
could be maintained and the period of satisfactory
preservation perhaps extended. Several studies
have recently appeared that provide promising
leads for further exploration. Beutler and Duron
have shown that although the optimal pH of the
ACD preservative was 5.0 with respect to ATP
maintenance during storage at 40, with adenine
present in the preservative mixture, the pH op-
timum was 5.5 (56). De Verdier, HMgman,
Garby, and Killander have made a similar ob-
servation (59). Supplying inorganic phosphate
may also produce higher ATP levels when ade-
nine is present (60). Thus it appears likely that
supplementing phosphate containing preservatives
of a slightly higher pH (59, 61-64) with adenine
will give results superior to those obtained with
the ACD-adenine solution used in the present
study.

Finally, we must emphasize that although
higher ATP or adenine nucleotide levels are as-
sociated with better post-transfusion survival un-
der these conditions of storage (3-6, 57), it is
premature to speculate regarding a specific level
of adenine nucleotides required to give a certain
per cent post-transfusion survival. There are
several reasons for this: 1) factors other than
the adenine nucleotide level may be of critical

importance, especially if the conditions of storage
are altered; 2) there remains too much inter-
laboratory variation both in the measurement of
adenine nucleotides and of post-tranfusion sur-
vival; and, perhaps most important, 3) adenine
nucleotide levels (or any other in vitro measure-
ment) obtained after a period of storage reflect
a composite both of cells that are destined for
very rapid removal from the circulation and of
those that survive normally or nearly so. Until
methods are developed that allow separation of
such nonviable from viable cells before trans-
fusion, a quantitative relationship between intra-
cellular adenine nucleotide levels and per cent
post-transfusion survival can have only limited
significance.

Summary

Adenine-C14 (0.6 umole per ml) was added to
acid-citrate-dextrose-blood at the outset or after
2 weeks of refrigerated storage, and its effect on
the concentration and specific radioactivity of
purines and purine nucleotides was determined
throughout a 6-week storage period. With sup-
plementation at the outset, the initial adenine
concentration decreased rapidly at first, then more
slowly, so that by 6 weeks, about one-half of the
initial adenine remained. The adenine was incor-
porated into adenine nucleotides, resulting in net
adenine nucleotide synthesis and values of ade-
nosine triphosphate and of total adenine nucleo-
tides that were about 12 and 25%o higher, respec-
tively, after 1 to 2 weeks of storage than at the
outset. Thereafter, the total adenine nucleotide
concentrations declined but more gradually than
in the acid-citrate-dextrose controls. This slower
decline could be accounted for by continued in-
corporation of adenine into nucleotide rather than
by inhibition of nucleotide breakdown. Adenine
supplementation after 2 weeks of storage was less
effective in maintaining adenine nucleotide levels
than was supplementation at the outset. The
data support the following hypotheses: 1) adenine
is first incorporated into adenosine monophos-
phate by reacting, presumably, with 5-phosphori-
bosyl-l-pyrophosphate, 2) inosine monophosphate
is not a major intermediate in the conversion of
adenosine monophosphate to hypoxanthine, and
3) no adenine is formed in blood during refrig-
erated storage.
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