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Effect of 2,3-diphosphoglycerate (2,3-DPG) on the deformability of human erythrocytes was examined with a rheoscope
under shear stress of 8-82 dyn/cm’. With increasing 2,3-DPG in erythrocytes (from 5 to 15 mM /1 cells) by
incubating with inosine and pyruvate in isotonic 50 mM phosphate-buffered saline, erythrocyte deformability under
uniform shear stress was remarkably impaired. But reduction of 2,3-DPG (from S to 2.2 mM /1 cells) did not affect the
deformability. In 2,3-DPG-enriched erythrocytes, increased intracellular hemoglobin concentration (MCHC), decreased
intracellular pH, and increased contents of ATP and IMP (and ITP) were observed. (1) When the MCHC (i.e., the
internal viscosity) was normalized by suspending in hypotonic medium, the deformability of 2,3-DPG-enriched
erythrocytes was greatly improved, but still decreased. (2) The change of intracellular pH between 6.5 and 7.5 (as
compared adjusting to same MCHC) did not alter the deformability. (3) The changes of purine nucleotides, ATP
0.6-2.1 mM/] cells), IMP (0-0.9 mM /1 cells) and ITP (0-0.5 mM /1 cells) did not alter the erythrocyte
deformability. In conclusion, decreased deformability of erythrocytes induced by augmentation of 2,3-DPG is due

mainly to the increased internal viscosity and due partly to the increased membrane viscoelasticity.

Introduction

The physiological importance of 2,3-diphospho-
glycerate (2,3-DPG) in human erythrocytes lies in the
increase in oxygen delivery to tissues by decreasing the
interaction of oxygen and hemoglobin. The rheologi-
cally important factor for oxygen delivery to tissues is
blood flow. Decrease of erythrocyte deformability not
only reduces the blood flow due to increasing the blood
viscosity, but also impairs the capillary passage of
erythrocytes [1]. The decreased deformability also makes
diffusion barrier of oxygen around erythrocytes [2]. It is
generally recognized that the increase of 2,3-DPG in
erythrocytes increases oxygen delivery to tissues, but the
rheological behavior of such erythrocytes is not well
understood. Some rheological studies using erythrocyte
ghosts (and/or intact erythrocytes) are still controver-
sial in the effect of 2,3-DPG on the erythrocyte defor-
mability [3,4].

Abbreviations: DPG, diphosphoglycerate; MCV, mean corpuscular
volume; MCH(C), mean corpuscular hemoglobin (concentration).

Correspondence to: N. Maeda, Department of Physiology, School of
Medicine, Ehime University, Shigenobu, Onsen-gun, Ehime 791-02,
Japan.

In this paper, the decreased deformability of 2,3-
DPG-enriched erythrocytes is observed with a rheo-
scope. The cause of the impaired deformability is ex-
amined for the following characteristics of 2,3-DPG-en-
riched erythrocytes prepared by incubating with inosine
and pyruvate in isotonic 50 mM phosphate-buffered
saline: (1) increased intracellular hemoglobin concentra-
tion, (2) increases of some purine nucleotides (ATP,
IMP, 1TP), and (3) decreased intracellular pH. The
changes of internal viscosity and membrane viscoelastic-
ity in 2,3-DPG-enriched erythrocytes are discussed with
respect to the high shear deformability.

Materials and Methods

Preparation of 2,3-DPG-varied erythrocytes

Fresh human blood was collected from cubital vein
of healthy adult donors and was heparinized. Plasma
and buffy coat were discarded after centrifugation at
1000 X g for 10 min at 4°C. The erythrocytes were
washed four times with isotonic 50 mM phosphate-
buffered saline (50 mM sodium phosphate, 90 mM
NaCl, 5 mM KCl (pH 7.4); 285 mosM, as determined
with Halbmikroosmometer (Knauer, type M, F.R.G.)
by a freezing point depression method).
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To increase 2,3-DPG content in erythrocytes, washed
erythrocytes (the hematocrit, 20%) were incubated with
1-20 mM inosine, 10 mM pyruvate and 5.5 mM D-glu-
cose in 50 mM phosphate-buffered saline (pH 7.4; the
osmolality was adjusted by decreasing the concentration
of NaCl) for 90 min at 37°C with a modified method of
Deuticke et al [5]. On the other hand, 2,3-DPG in
erythrocytes was decreased by incubating washed
erythrocytes (the hematocrit, 20%) in isotonic phos-
phate-buffered saline of pH 6.5 for 90 min. The control
erythrocytes were obtained by incubating without in-
osine and pyruvate.

Determination of organic phdsphates in erythrocytes

2,3-DPG. An enzymatic method of Maeda et al. [6]
was adopted for the determination of 2,3-DPG.

Purine nucleotides. Purine nucleotides were extracted
from a known amount of erythrocytes (0.2 ml packed
cells) by treating with cold 10% trichloroacetic acid,
according to the method of Bartlett [7]. Quantitative
measurement of nucleotides was carried out with a
liquid chromatograph (Shimadzu, Model LC-3A or LC-
6A, Kyoto, Japan) essentially by a method of Maeda et
al. [8], but a DEAE-2SW column (an anion-exchanger
column, from Toso, Tokyo, Japan; column size, 4.6
mm X 25 cm) was used for the separation of nucleotides
at 40°C. After applying a known amount of extract (40
pl) to the column equilibrated with 1 vol of acetonitrile
+ 9 vol. of 140 mM KH,PO, (adjusted to pH 3.0 with
phosphoric acid), nucleotides were eluted at a flow rate
of 0.9 ml/min by a linear gradient of KH,PO, (pH 3)
at the increasing rate of 8 mM /min in the presence of
10% acetonitrile. The eluent was monitored at 254 nm.
The peak area on the chromatogram was simultaneously
calculated with a computer (Shimadzu, Chromatopack
C-E1B, Kyoto, Japan). The content of purine nucleo-
tides in the extract was calculated from the peak area by
comparing with those of standard nucleotides.

Measurement of erythrocyte deformability

Erythrocyte deformability was measured at 24°C with
a high-shear ‘rheoscope’ [9] consisting of an inverted
microscope (Olympus Optics Co., Model IMT, Tokyo,
Japan), a transparent 0.8 ° cone-plate viscometer (Tokyo
Keiki, Model B, Tokyo, Japan), a flash light (Sugawara,
Model PS-240, Tokyo) and a camera [10,11].

Erythrocytes were suspended in isotonic phosphate-
buffered saline containing 16.5 g/dl Dextran T-40
(Pharmacia, Uppsala, Sweden). The final hematocrit
was adjusted to 0.4% to observe cellular deformation.
The shear stress was changed stepwise, ranging from 8
to 82 dyn/cm’.

Lengths of the long axis (L) and the short axis (S)
of more than 50 ellipsoidally deformed cells were mea-
sured on flash photographs by using a digitizer (Graph-
tec Lab., Mitablet-II, Tokyo, Japan). The degree of

deformation of erythrocytes (‘deformability’) was ex-
pressed by the ratio, S/L.

Hematological examinations

Hematocrit was determined with a microhematocrit
centrifuge (Kubota, Model KH-120MI1, Tokyo, Japan),
hemoglobin concentration by the CN-methemoglobin
method [12], and number of erythrocytes with an auto-
matic counter (Toa, Model CC-110, Kobe, Japan). On
the basis of these values, mean corpuscular volume
(MCYV), mean corpuscular hemoglobin (MCH) and mean
corpuscular hemoglobin concentration (MCHC) were
calculated. The volume of packed saline in the measure-
ment of hematocrit was not corrected, since the value
was less than 2%.

Measurement of intracellular pH

The pH in erythrocytes was determined with a micro-
electrode (Chemical Manufacturing Co., Model SE-1700
GC, Tokyo, Japan) by a freezing-thawing method of
Enoki et al. [13].

Statistical analysis
Data are presented as mean + S.D., and the statisti-
cal significance was evaluated by Student’s ¢-test.

Results

Hematological and biochemical properties of 2,3-DPG-al-
tered erythrocytes

2,3-DPG in erythrocytes was increased by incubating
with various concentrations of inosine (0-20 mM) and
10 mM pyruvate in isotonic 50 mM phosphate-buffered
saline (pH 7.4) for 90 min. The hematological and the
biochemical alterations are summarized in Fig. 1.

2,3-DPG. With increasing the concentration of in-
osine in the incubation medium, 2,3-DPG in erythro-
cytes increased, but the value reached plateau at 5 mM
inosine in this experimental condition. The prolonged
incubation further increased the 2,3-DPG content, but
the content did not increase more than 120% of the
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Fig. 1. Changes of 2,3-DPG in erythrocytes and the hematological and

biochemical alterations of erythrocytes. (a) Change of 2,3-DPG in

erythrocytes. Human erythrocytes (hematocrit, 20%) were incubated

with 0-20 mM inosine and 10 mM pyruvate in isotonic phosphate-

buffered saline (pH 7.4) at 37°C for 90 min. (b) Change of MCHC.

(c) Change of intracellular pH (pH,). (d) Changes of purine nucleo-
tides: ATP (O), IMP (0).



value at 90 min incubation. 2,3-DPG content in control
erythrocytes was not altered during incubation of 90
min.

Mean corpuscular hemoglobin concentration (MCHC).
With increasing 2,3-DPG in erythrocytes, MCHC in-
creased and MCYV inversely decreased. A linear relation
between MCHC (g/dl) and 2,3-DPG (mM/1 cells),
MCHC =0.31 [2,3-DPG] + 34.9 (r=0.915), was ob-
tained. The MCHC of control cells in the present
medium slightly increased in comparison with that of
fresh erythrocytes (probably due to cellular dehydration
induced by incorporated inorganic phosphate into
erythrocytes [14]).

Intracellular pH (pH,). With increasing 2,3-DPG con-
tent in erythrocytes, pH; decreased, due to the alter-
ation of Donnan equilibrium induced by the increment
of impermeable 2,3-DPG in erythrocytes [15]. A linear
relation between pH; and 2,3-DPG content (mM/]
cells), pH, = —0.014 [2,3-DPG] + 7.312 (7.10 < pH; <
7.30; r= —0.880), was obtained.

ATP content. With increasing the concentration of
inosine in the medium, intracellular ATP concentration
slightly increased, but the concentration of ADP and
AMP was not altered so much.

Inosine monophosphate (IMP) and inosine triphos-
phate (ITP). The concentration of IMP and ITP in-
creased to 0.7 and 0.5 mM /1 cells, respectively but that
of inosine diphosphate (IDP) was less than 0.03 mM /1
cells (the content of these purine nucleotides in fresh
erythrocytes was negligible). The concentration of in-
osine nucleotides reached plateau at 1 mM inosine
under the present experimental conditions.

In order to decrease 2,3-DPG content, erythrocytes
were incubated in isotonic phosphate-buffered saline
without glucose at pH 6.5. 2,3-DPG decreased to 70%
and 40% of original level during incubation time of 90

~
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and 180 min, respectively (a further decrease of 2,3-DPG
induced some echinocytosis). During incubation, level
of purine nucleotides was not significantly altered, but
MCHC slightly decreased.

Deformability of 2,3-DPG-altered erythrocytes

With increasing 2,3-DPG concentration in erythro-
cytes, the deformability of erythrocytes was remarkably
impaired, and undeformable erythrocytes appeared even
under shear stress of 82 dyn/cm’. Most of erythrocytes
containing 15 mM 2,3-DPG/1 cells were undeformable,
as shown in Fig. 2. The decreased deformability of
2,3-DPG-enriched erythrocytes were analyzed on the
basis of hematological and biochemical alterations de-
scribed above: MCHC, pH;, ATP and IMP (and ITP).
Echinocytosis, a determinant factor of erythrocyte de-
formability [10], was not induced under the present
experimental conditions (all experiments were per-
formed within 6 h after collection of blood).

MCHC. Erythrocyte deformability is greatly affected
by the internal viscosity of erythrocytes. MCHC is a
major determinant of internal viscosity in normal
erythrocytes.

In order to eliminate the effect of MCHC, 2,3-DPG-
enriched erythrocytes were suspended in hypotonic
solution and the MCHC was adjusted to that of control
erythrocytes by introducing water into erythrocytes. The
deformability of 2,3-DPG-enriched erythrocytes was re-
markably improved, and the erythrocytes became defor-
mable. Therefore, increased MCHC was a major cause
of decreased deformability of 2,3-DPG-enriched
erythrocytes.

The deformability of 2,3-DPG-enriched erythrocytes
and control erythrocytes was compared at same MCHC.
A representative result is shown in Fig. 3. With increas-
ing shear stress, the deformability of erythrocytes in-

Fig. 2. Flash microphotographs of erythrocytes under high shear stress observed with a rheoscope. Erythrocytes were suspended in isotonic

phosphate-buffered saline containing 16.5 g/dl Dextran T-40 (9.3 cP). A shear stress of 33 dyn/cm? was applied at 24°C. (Left) Deformation of

control erythrocytes (2,3-DPG concentration, 5.5 mM /1 cells). (Right) Deformation of 2,3-DPG-enriched erythrocytes (2,3-DPG concentration, 15
mM /1 cells).
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Fig. 3. Effect of 2,3-DPG on the erythrocyte deformability. Deforma-
bility of 2,3-DPG-enriched cells (15 mM 2,3-DPG/1 cells, ®; 10 mM
2,3-DPG/1 cells, @) and control cells (5 mM 2,3-DPG/1 cells, O) was
determined with a rheoscope in osmotically controlled medium con-
taining 16.5 g/dl Dextran T-40 (9.3 cP) at 24°C. Prior to the measure-
ment, the increased MCHC of 2,'3-DPG-enriched cells in isotonic
medium was osmotically normalized by suspending in appropriate
hypotonic medium (the MCHC was reduced from 40.2 to 36.3 g/dl in
15 mM 2,3-DPG-cells and from 38.8 to 36.6 g/dl in 10 mM 2,3-DPG
cells. The MCHC in control cells was 36.2 g/dl). The deformability
was expressed by mean of (short radius)/(long radius) ratio measured
for more than 50 ellipsoidally deformed cells (symbol) and the stan-
dard deviation (bar). A representative result obtained from one blood
donor is shown in the figure. Statistical significance between @ and O:
* P<0.05; ** P <0.01. Before normalization of MCHC, undefor-
mable cells on the photographs were more than 95% in 15 mM
2,3-DPG-cells, about 50% in 10 mM 2,3-DPG-cells and less than 5%
in control cells, at a shear stress of 21 dyn/cm? ( = 80%, =~10% and

< 2%, respectively, at 82 dyn/cn®).

creased, but the deformability of 2,3-DPG-enriched
erythrocytes was clearly reduced, as compared with that
of control erythrocytes, especially under low shear stress.
The decreased deformability of 2,3-DPG-enriched
erythrocytes at normalized MCHC was qualitatively
reproducible on separate experiment, though the degree
of deformability of 2,3-DPG-enriched and control
erythrocytes was different among different individuals.
In this connection, the decreased deformability of
erythrocytes exposed to hypertonic medium (thus, with
high MCHC) was completely reversed by exposing the
erythrocytes to isotonic medium again. The deformabil-
ity of 2,3-DPG-reduced erythrocytes was indistinguisha-
ble from that of control erythrocytes.

Intracellular pH (pH;). The pH; of control erythro-
cytes was altered by suspending in isotonic phosphate-
buffered saline of various pH (pH,). Since the shape of
erythrocytes and the MCHC are dependent on pH
[16,17], the deformability was compared under same
MCHC by suspending erythrocytes in medium of differ-
ent osmolality. Variation in pH; between 6.8 and 7.6
did not alter the deformability of erythrocytes.

ATP. The effect of ATP on the erythrocyte deforma-
bility is still controversial [3,4] and it is not well under-
stood. In order to examine the contribution of ATP on
the deformability of 2,3-DPG-enriched and/or -de-
creased erythrocytes, ATP concentration in erythrocytes
was varied by a modified method of Bartlett and Bucolo
[18]: ATP content was increased up to 2 mM /1 cells by
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Fig. 4. Changes of purine nucleotides in erythrocytes in adenine-in-

osine-phosphate medium. Erythrocytes (hematocrit, 20%) were in-

cubated with 0-2 mM adenine and 1 mM inosine in isotonic phos-

phate-buffered saline at 37°C for 90 min. (Upper) ATP (O), ADP (a),

AMP (0) and ATP+ADP+AMP (¢); (lower) ITP (O), IDP (a),
IMP (O) and ITP+IDP+ IMP ().

incubating erythrocytes (the hematocrit, 20%) with vari-
ous concentrations of adenine (0.025-2 mM), 1 mM
inosine and 5.5 mM glucose in phosphate-buffered
saline, at 37°C for 90 min (simultaneously, IMP and
ITP increased at low concentration of adenine and IDP
was scarcely detected, but the increment of IMP and
ITP was slight at high concentration of adenine) (Fig.
4). On the other hand, the ATP content was decreased
up to 0.5 mM/I cells by incubating erythrocytes (the
hematocrit, 20%) in isotonic phosphate-buffered saline
of alkaline pH (pH 7.4 or 8) at 37°C for 90 min.

The deformability of erythrocytes was not affected
by the ATP concentration between 0.5-2.2 mM /1 cells
at all shear stresses examined here.

IMP (and ITP). Inosine nucleotides were increased
in 2,3-DPG-enriched and ATP-enriched erythrocytes
under above procedures. In order to examine the effect

o
L 2
i

‘x

T

(=)
(5

~

Organic Phosphates (mM/! cels)
&~ » O

i " L i

2 3 4
Inosine(mM)
Fig. 5. Changes of purine nucleotides in erythrocytes in inosine-phos-
phate medium. Erythrocytes (hematocrit, 20%) were incubated with
0-5 mM inosine in isotonic phosphate-buffered saline at 37°C for 90
min. (Upper) ITP (O), IDP (a), IMP (©) and ITP+IDP+IMP (¢);
(lower) 2,3-DPG (®) and ATP (m).
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of these nucleotides on the erythrocyte deformability,
erythrocytes (the hematocrit, 20%) were incubated with
various concentrations of inosine (0.25-5 mM) and 5.5
mM glucose in isotonic phosphate-buffered saline at
37°C for 90 min.

IMP and ITP were selectively increased up to 0.9 and
0.5 mM/1 cells, respectively, without altering the con-
centration of 2,3-DPG and ATP (Fig. 5). However, the
deformability of these erythrocytes was not affected by
the variation of these nucleotides.

Discussion

Physiologically, 2,3-DPG is one of the most im-
portant organic phosphates in erythrocytes. As 2,3-DPG
lowers the affinity of hemoglobin toward oxygen, oxygen
transfer from blood to tissues in microcirculation is
increased. Thus much effort has been expended in pre-
serving and /or augmenting 2,3-DPG in erythrocytes in
blood preservation. However, the rheological conse-
quences of such treatment in increasing 2,3-DPG in
erythrocytes are not well understood.

Interaction of 2,3-DPG with membrane protein,
spectrin, has been shown by Shaklai et al. [19]. Some
studies have been reported on the interaction between
2,3-DPG and erythrocyte ghosts. Sheetz and Casaly
[20,21] have observed that high concentration of 2,3-
DPG dissociates spectrin-actin-band 4.1 complex in
cytoskeletal meshwork, and they have suggested that
2,3-DPG controls lability in the meshwork, and thus
cell deformability [21]. Schindler et al. [22] have also
shown that high concentrations of 2,3-DPG increase
lateral mobility of membrane glycoproteins through
modifications of interactions among cytoskeletal pro-
teins in ghosts. The effect of 2,3-DPG on the membrane
dynamics may be related to the metabolism of triphos-
phoinositide [23].

Effect of 2,3-DPG on the mechanical properties of
erythrocyte membrane has been also investigated by
using some rheological techniques. Chasis and Mohan-
das [3] have observed with an ektacytometer that reseal-
ing erythrocyte membranes with increasing concentra-
tions of entrapped 2,3-DPG result in a dose-dependent
decrease in their deformability accompanying decreased
membrane stability. On the other hand, Waugh [4] has
reported no effect of 2,3-DPG on the membrane
viscoelastic properties in both intact erythrocytes and
the ghosts under physiological conditions using micro-
pipette aspiration and flow channel techniques. How-
ever, in specified medium of low ionic strength he has
detected the reduction of membrane shear modulus in
2,3-DPG-enriched erythrocytes (prepared by incubation
in inosine-pyruvate-phosphate, as we did). These con-
troversial effect of 2,3-DPG on the erythrocyte mem-
brane must be resulted mainly from the methodological
differences (as also discussed below). On the rheological
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characteristics of ghosts, Kon et al. [11] have demon-
strated that the deformability of resealed ghosts mea-
sured with a rheoscope is greatly impaired due to the
alteration of cytoskeletal structure of erythrocyte mem-
brane. Therefore, the rheological characteristics of
ghosts should be considered separately from that of
intact erythrocytes.

The deformability of erythrocytes is affected by (i)
internal viscosity of erythrocytes, mainly intracellular
hemoglobin concentration (MCHC), (ii) shape, physio-
logically surface area to volume ratio of erythrocytes,
(iii) viscoelasticity of erythrocyte membrane. In the
present study, it was demonstrated with a rheoscope
that decreased deformability of 2,3-DPG-enriched
erythrocytes was derived from both increased internal
viscosity and increased membrane viscoelastic proper-
ties.

(i) Internal viscosity. Increased intracellular hemo-
globin concentration greatly contributed to the de-
creased deformability of 2,3-DPG-enriched erythro-
cytes, as shown in the present experiment. The phenom-
enon is due to concomitant release of chloride and
water from erythrocytes induced by the uptake of in-
organic phosphate for the synthesis of 2,3-DPG
[14,15,24].

(ii) Shape. Dehydration of erythrocytes due to eleva-
tion of 2,3-DPG decreases the cell volume, thus surface
area to volume ratio increases. This shape change rather
increases the erythrocyte deformability, and is ruled out
from a cause for the decreased deformability of 2,3-
DPGe-enriched erythrocytes. Echionocytosis, which also
decreases the deformability, was not induced in the
present experimental conditions.

(iii) Membrane viscoelasticity. In the present experi-
ment, the MCHC of 2,3-DPG-enriched erythrocytes
was adjusted to that of control cells by suspending in
hypotonic solution (i.e., by hydrating). Thus, the shape
(or the geometry) and the internal viscosity of 2,3-
DPG-enriched erythrocytes was equalized to those of
control erythrocytes. In spite of this procedure, the
deformability of 2,3-DPG-enriched erythrocytes was still
decreased. This phenomenon clearly demonstrates that
the membrane viscoelasticity in 2,3-DPG-enriched
erythrocytes is increased. Furthermore, it was shown
that the increased membrane viscoelasticity did not
result from the decreased intracellular pH and the in-
crease of some purine nucleotides (ATP, IMP and ITP)
in 2,3-DPG-enriched erythrocytes. Altered interactions
among cytoskeletal proteins by 2,3-DPG [20,22] may
contribute to the increased membrane viscoelasticity, in
part.

Increased membrane viscoelasticity of 2,3-DPG-en-
riched erythrocytes in our experiment is in disagreement
with the findings of Waugh [4] performed for intact
cells. This discrepancy seems to come from the dif-
ference of methodology and/or medium suspending
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erythrocytes. The rheoscope detects whole-cell deforma-
bility, including factors of morphology, membrane
viscoelasticity and internal viscosity, while the micro-
pipette technique detects mainly membrane properties.
In our measurement, as the effect of shape and internal
viscosity could be excluded (see above), the phenomena
observed with the rheoscope reflect any impairment of
membrane viscoelasticity in 2,3-DPG-enriched erythro-
cytes. The discrepancy may really reveal the method-
ological difference: e.g., the rheoscope may detect the
interaction between cytoplasmic components (such as
2,3-DPG, hemoglobin) and membrane, while the micro-
pipette technique hardly detects such interaction.

In the rheoscopic analysis, erythrocytes are sus-
pended in non-ionic polysaccharide, Dextran T-40.
Therefore, the results obtained with the rheoscope may
partly reflect Waugh’s results [4], i.e., 2,3-DPG reduces
the membrane shear modulus in low ionic strength
medium containing sucrose.

ATP contributes to the maintenance of the shape and
the erythrocyte deformability [25-27], but the detailed
mechanism is unknown. Sheetz and Casaly [20] have
reported that high concentration of ATP (about 8 mM)
induces conformational changes of membrane proteins
in cytoskeletal meshwork, using erythrocyte ghosts. On
the other hand, Card et al. [28] and Meiselman and
Baker [29] have observed that the depletion of ATP
does not impair the erythrocyte deformability. Further,
Meiselman et al. [30] have shown that membrane mech-
anical properties are not altered by ATP depletion using
micropipete and flow channel techniques. In agreement
with Meiselman et al. [30], we observed that the varia-
tion of ATP in 0.5 to 2.3 mM /1 cells did not affect the
erythrocyte deformability and the cell shape. Therefore,
direct effect of ATP on the membrane deformability
(including cellular deformability) is ruled out in this
range of ATP variation. The role of ATP on the
erythrocyte deformability may be important through
the interaction with calcium ion, then with cytoskeletal
proteins [27,31-34] and through phosphorylation of
membrane proteins [34].

In conclusion, augmentation of 2,3-DPG over
physiological concentration may further accelerate
oxygen transfer to tissues, but blood flow to the tissues
may be reduced through decreased deformability of the
erythrocytes for the sake of increased internal viscosity
and increased membrane viscoelastic property.
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