Diabetologia (1984) 26: 389-391

Short communication

Diabetologia

© Springer-Verlag 1984

Erythrocyte 2,3-bisphosphoglycerate concentrations and haemoglobin
glycosylation in normoxic Type 1 (insulin-dependent) diabetes mellitus

A.P.Roberts!, C.J. Story? and R. G. Ryall?

'Department of Medicine and 2Department of Haematology, Flinders Medical Centre, Bedford Park, South Australia

Summary. Increased erythrocyte 2,3-bisphosphoglycerate
concentrations are associated with increased haemoglobin
glycosylation in patients with Type 1 diabetes mellitus who
have no cause or symptoms of hypoxic stress. This change in
2,3-bisphosphoglycerate metabolism is additional to its re-
sponse to changes in circulating haemoglobin concentration.
Statistical analysis of data showed that erythrocyte 2,3-bis-
phosphoglycerate concentration did not correlate with the ab-
solute concentration of circulating haemoglobin A;., but with

the proportion of haemoglobin glycosylated. This finding is
consistent with the hypothesis that it is changes in the position
of the erythrocyte oxygen dissociation curve which modulate
the increase in 2,3-bisphosphoglycerate synthesis upon hae-
moglobin A, formation.
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The suggestion that excessive haemoglobin glycosyla-
tion may contribute to tissue hypoxia [1] has been chal-
lenged on the grounds that any uncompensated left-
shift in the erythrocyte oxygen dissociation curve
brought about by haemoglobin A, (HbA,,) formation
would only be of the order of 2mmHg at the Ps, value
(the partial pressure of oxygen at which half the avail-
able heme groups are oxygenated), and therefore phy-
siologically insignificant [2]. While practical [3] and the-
oretical [4] investigations agree with this figure, its
clinical importance remains uncertain.

Erythrocytes from non-acidotic diabetic patients
have increased 2,3-bisphosphoglycerate (2,3-DPG) con-
tent, but without corresponding right-shifts in oxygen
dissociation curve [3, 5. The interpretation has been of-
fered that the left-shift in oxygen dissociation curve
brought about by increased haemoglobin glycosylation
is compensated by a right-shift resulting from increased
2,3-DPG concentrations acting on remaining unmodifi-
ed haemoglobin [3]. This hypothesis has been difficult
to prove since intra-erythrocytic concentrations of
2,3-DPG are altered by many conditions frequently en-
countered among diabetic subjects [6-8]. While most
authors have applied some exclusion criteria in order to
select preferentially normoxic subjects when studying
the relationship between 2,3-DPG synthesis and HbA,,
formation [5, 9], these criteria have not been exhaustive.
In the present work particular care was taken to exclude
from study any diabetic patients who had cause, symp-
toms or history of tissue hypoxia.

Subjects and methods

Patient selection

Selected for study were ambulatory, Type 1 (insulin-dependent) dia-
betic subjects in stable, though not necessarily good, metabolic con-
trol, as judged by clinical history and routine measurements of blood
glucose and HbA,. performed serially over several, approximately
6-weekly, clinic visits. Verbal consent was obtained from each patient
before taking blood for study.

Subjects were selected for study before proceeding with any labo-
ratory measurements relating to erythrocyte oxygen delivery function.
The following criteria were applied in patient selection.

History. Patients were excluded from study if they had any history or
symptoms of cardiovascular or pulmonary disease, or impaired renal
function. They were excluded if they were pregnant or lactating, or
had received any medication besides insulin in the 4-week period be-
fore initial study, or smoked tobacco or other materials.

Physical examination. If their clinical history was acceptable, patients
were given a physical examination. They were included in the study if
(a) they were aged between 18 and 50 years at the time of initial study;
(b) they had normal blood pressure and pulse rate, measured upright
and prone; (c) they had no discernable irregularity in pulse when
measured over a 1min period; (d) they had no abnormality in the
presence and strength of peripheral pulses; (¢) they had no abnormal-
ity of reflexes and peripheral sensation; (f) they were not greater than
140% of expected body weight [10]; (g) fundoscopy showed no retinal
abnormality; (h) they had no ketonuria detectable by ‘Ketostix’ or
proteinuria detectable with ‘Multistix” (Ames Laboratories, Elkhart,
Indiana, USA).

Laboratory examination. A blood sample was taken from each subject
not excluded by the results of physical examination and analysed for
haemoglobin type and concentration, and plasma creatinine and
phosphate concentrations. Patients were excluded from the study if
(a) their haemoglobin concentrations was less than 12 g/dl if female
or 13 g/dl if male; (b) they had a haemoglobin variant; (c) their plas-
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Table 1. Statistical correlations observed between haemoglobin, 2,3-bisphosphoglycerate and haemoglobin A, concentrations and Ps, value in

normoxic Type 1 diabetic subjects

X y Correlation p Number of
coefficient observations
Simple correlations Equation
HbA, 2,3-DPG y= 0.126x+ 3.70 0.444 0.012 26
HbA,, 2,3-DPG/haemoglobin y= 0.298x+ 6.69 0.486 0.006 26
Haemoglobin 2,3-DPG y=-0.20x + 7.73 -0.486 0.006 26
Haemoglobin 2,3-DPG/haemoglobin y=-0.50x +16.81 -0.545 0.002 26
Haemoglobin HbA,, y=-0.25x +12.93 -0.233 0.126 26
HbA, . concentration 2,3-DPG y= 034x + 441 0.179 0.191 26
HbA, concentration 2,3-DPG/haemoglobin y= 0.69x + 853 0.204 0.158 26
HbA . Pso y=-0.246x +26.62 ~0.291 0.114 19
Partial correlations Parameters controlled
Pso HbA,. 2,3-DPG -0.842 <0.001 19
Ps HbA. Haemoglobin ~-0.458 0.028 19
Psp HbA4. Haemoglobin+2,3-DPG -0.842 <0.001 19
Psp HbA,, concentration 2,3-DPG -0.745 <0.001 19

Units used: HbA,,, %; HbA. concentration, g/dl; 2,3-DPG, mmol/1; Haemoglobin, g/dl; Ps;, nmHg; 2,3-DPG/haemoglobin, molar ratio
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Fig.1. A and B. Correlations between erythrocyte 2,3-bisphospho-
glycerate concentration and A percentage HbA,,, and B circulating
haemoglobin concentration in clinically normoxic, Type1 diabetic
subjects. Statistical data are given in Table 1

ma phosphate concentration was less than 0.9 or more than
1.4 mmol/1; (d) their plasma creatinine was greater than 0.12 mmol/1.
Follow up. Data from a subject were not used in analysis if the subject
could not still meet the inclusion criteria 2 years after initial study.

Rigorous application of these criteria resulted in selection of eight
female and 18 male subjects who had no cause, symptom or history of
tissue hypoxia. They were aged 19-46 years, weighed 48-111 kg with
body weights being 87% to 134% of expected weights, and were tak-
ing 14-102 units of insulin daily. The duration of their diabetes ex-
tended from 6 months to 12 years. Venous blood pH values at the time
of initial study were between 7.301 and 7.426 (mean 7.361).

Laboratory measurements

Erythrocyte 2,3-DPG concentrations were measured on cell lysates
[11]. HbA,, was quantified by cation exchange chromatography [12].
Erythrocyte oxygen dissociation curves were measured (Hem-O-

Scan, Aminco Laboratories Silver Spring, Maryland, USA) following
equilibration of cells to pH 7.4, carbon dioxide tension 38 mmHg [13].

Statistical analyses

Data were analysed using the statistics program SPSS [14] on the
PRIME-850 computer of Flinders University. Non-parametric statis-
tics were used throughout.

Results

A significant, positive association was found between
erythrocyte 2,3-DPG concentration and the proportion
of haemoglobin glycosylated (percentage HbA,.) in the
selected group of patients (Fig.1). An expected negative
association between 2,3-DPG concentration and circu-
lating haemoglobin concentration was also demon-
strated. However, no significant association between
percentage HbA . and circulating haemoglobin concen-
tration could be shown. Erythrocyte 2,3-DPG concen-
trations did not correlate significantly with absolute cir-
culating HbA;. concentrations, but only with the
proportion of circulating haemoglobin glycosylated
(Table 1).

Ps, values recorded under standardised conditions
[13] for 19 of the subjects ranged from 22.0-26.4 mmHg
(mean 24.3 mmHg). Direct comparison between ob-
served Psy and percentage HbA,, values showed there
was no significant association between them. Using par-
tial correlation calculations and controlling for
2,3-DPG concentrations, however, produced a very
strong, negative association between these two parame-
ters. When both circulating haemoglobin and 2,3-DPG
concentrations were controlled no improvement in
strength of the association occurred. Controlling the
calculations for circulating haemoglobin concentration
alone produced a much weaker association. Consistent
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with other findings, the partial correlation between Ps
value and the absolute rather than proportional concen-
tration of HbA,, showed a weaker association.

Discussion

Strict exclusion criteria were rigorously applied to select
only normoxic diabetic subjects in the present study of
the possible response of erythrocyte 2,3-DPG metabo-
lism to increased haemoglobin glycosylation. In the
group of subjects finally studied, a positive association
between erythrocyte 2,3-DPG concentration and the
proportion of haemoglobin glycosylated was clearly de-
monstrable. Not unexpectedly, 2,3-DPG concentrations
also correlated inversely with circulating haemoglobin
concentrations in these subjects. Since no significant as-
sociation between percentage HbA,. and circulating
haemoglobin concentration was found it may be argued
that the change in 2,3-DPG concentrations associated
with haemoglobin glycosylation is additional to a re-
sponse to changes in circulating haemoglobin concen-
trations.

The change in 2,3-DPG concentrations associated
with HbA,. formation correlated with the proportion of
circulating HbA, rather than with its absolute concen-
tration. Glycosylation of a fixed proportion of the circu-
lating haemoglobin thus appears to elicit the same re-
sponse from 2,3-DPG metabolism irrespective of the
total haemoglobin concentration. This observation sug-
gests that the increase in 2,3-DPG concentrations asso-
ciated with HbA,, formation is modulated by shifts in
the position of the erythrocyte oxygen dissociation
curve. When simple correlations were sought, however,
increased extents of haemoglobin glycosylation were
found not to be associated with left-shifts in the oxygen
dissociation curve in the subjects studied. This lack of
association between erythrocyte Ps, value and percent-
age HbA, is not surprising if it is hypothesised that the
expected left-shift in oxygen dissociation curve result-
ing from increased haemoglobin glycosylation [15] is
masked by increased 2,3-DPG synthesis. In support of
this idea, partial correlation analysis showed a very
strong negative association between the Psy value and
percentage HbA,., provided that allowance was made
for changes in 2,3-DPG concentration. The strength of
this association was not increased by allowing for
changes in other influences on the oxygen dissociation
curve. These findings are thus totally consistent with the
hypothesis that increased haemoglobin glycosylation
would lead to left-shifts in the oxygen dissociation
curve of erythrocytes if left uncompensated, and that
the major compensatory influence is an increase in
2,3-DPG synthesis [3, 5].

Two inferences follow from this analysis. Firstly, a
response of 2,3-DPG metabolism to increased haemo-
globin glycosylation implies a physiological signifi-
cance in the effect of HbA,. formation on the position
of the oxygen dissociation curve, even though the mag-’

nitude of this latter effect is numerically small. Sec-
ondly, since the studied subjects were able to maintain
clinical normoxia over a 2-year period from study, any
response of 2,3-DPG metabolism to HbA,, formation is
probably totally compensatory.
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