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ABSTRACT

The anomeric specificity of D-glucose metabolism in
erythrocytes has been since 1985 the matter of exten-
sive investigations reported in about ten publications.
The present report aims at providing an integrated
review of the major findings on this issue.
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1. INTRODUCTION

The metabolism of D-glucose in intact cells displays ano-
meric specificity. This was first demonstrated in rat pan-
creatic islets [1-3], and later observed in tumoral insu-
lin-producing cells [3], lymphocytic leukemic cells [4],
rat adipocytes [5], rat brain cells [6], rat hemidiaphragm
[7] and rat hepatocytes [8-10]. The outstanding exception
refers to the rat lens, in which the lack of anomeric speci-
ficity was proposed to be attributable to a low turnover
rate of glucose-6-phosphate, allowing for the intercon-
version of glucose-6-phosphate anomers [11]. The rela-
tive extent and even algebraic sign of the difference be-
tween a- and $-D-glucose metabolism differs, however,
as a function of such factors as temperature, hexose con-
centration, concerned metabolic pathway and cell types.
In such a perspective, the present review aims at drawing
attention to the anomeric specificity of D-glucose phos-
phorylation, utilization and oxidation in both rat and hu-
man erythrocytes.

2. RAT ERYTHROCYTES

In a first series of experiments performed at 30°C with
D-glucose at anomeric equilibrium, the kinetics of D-
[U-"*C]glucose phosphorylation by rat erythrocyte homo-
genates yielded over a wide range of D-glucose concen-
trations (50 uM to 20 mM) a single straight line in a dou-
ble reciprocal plot, with a Michaelis constant (Km) and
maximal velocity (Vmax) close to 0.06 mM and 47 nmol/
60 min per mg hemoglobin, respectively [12]. When D-glu-
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cose-6-phosphate (initial concentration: 1.0 mM) was added
to the assay mixture, the phosphorylation of D-[U-'C]
glucose was severely inhibited, the residual rate of phos-
phorylation representing no more than 5.3 £ 0.7% (n =
21) of the paired control value. Over 40 min incubation
at 8°C, the pla ratio for the phosphorylation of the D-
glucose anomers, tested in the 10.0 uM to 1.0 mM range,
averaged 1.61 = 0.09 (n = 21), a mean value significantly
higher (p < 0.001) than unity. The concentration of D-
glucose anomers at which the reaction velocity repre-
sented 50% of the mean values reached at the highest D-
glucose concentrations (0.25 and 1.0 mM) appeared some-
what lower in the case of a-D-glucose (about 33 uM) than
in the case of 5-D-glucose (about 41 puM), suggesting a
lower Km for the a-anomer as compared to S-anomer
[12].

A more detailed study of the anomeric specificity of
rat erythrocyte hexokinase then confirmed that the o/
ratio in maximal velocity, as derived from measurements
made at 8°C in the presence of 1.0 mM D-glucose, is
close to 0.66. Based on the effects of unlabelled a- or /-
D-glucose upon the phosphorylation of D-[U-**C] glu-
cose at anomeric equilibrium, as measured at 8°C, the o/
/3 ratio for Km values was close to 0.485, indicating a
greater affinity for the a-anomer than for the S-anomer
[13].

The anomeric specificity of D-glucose metabolism in
intact rat erythrocytes was first documented in 1985 [12].
Thus, at both 4.0 and 7.0 mM D-glucose, the output of
lactic acid from erythrocytes incubated for 60 min at 8°C
was higher in the presence of a-D-glucose than f3-D-glu-
cose. After correction for the basal value recorded in the
absence of D-glucose (1.49 + 0.16 nmol/mg hemoglobin;
n = 56), the increment in lactic acid output attributable to
S3-D-glucose (4.0 mM) averaged 39.3% + 4.2% (n = 41)
of the mean corresponding value found in the presence of
a-D-glucose (100.0% + 5.4%; n = 42). Such a difference
was less marked at a higher concentration of D-glucose
(7.0 mM), the -D-glucose-induced increment in lactic
acid output averaging 73.7% * 5.8% (n = 35) of the
mean corresponding value measured in the presence of
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a-D-glucose (100.0% * 10.4%; n = 36). The anomeric
difference in lactic acid output was significant at both 4.0
mM (p < 0.001) and 7.0 mM (p < 0.05) D-glucose. In
parallel experiments conducted in rat erythrocytes incu-
bated for 60 min at 7°C [4], the conversion of D-[5-*H]
glucose to *HOH was also found to be higher in the
presence of a-D-glucose than /3-D-glucose, whether at
1.0, 4.0 or 7.0 mM, the results recorded with $-D-glu-
cose averaging at these three D-glucose concentrations
respectively 85.9% + 2.5% (n = 40), 85.3% £ 2.4% (n =
39) and 92.7% + 4.6% (n = 35) of the mean correspond-
ing values found with a-D-glucose, i.e. 100.0% = 3.2%
(n = 40), 100.0% + 2.1% (n = 40) and 100.0% + 2.7% (n
= 40). The anomeric difference was thus more marked for
lactic acid output than for D-[5-*H]glucose utilization.

In conclusion, results in mirror image were obtained
for the phosphorylation of D-glucose by rat erythrocyte
homogenates, on one hand, with a higher reaction veloc-
ity recorded with the /- rather than a-anomer of D-glu-
cose, and the metabolism of the D-glucose anomers in
intact erythrocytes, on the other hand, with a higher D-[5-*H]
glucose utilization and higher glucose-induced increments
in lactic acid output with a- than -D-glucose. Taken as a
whole, these studies conducted in cells not expressing
glucokinase indicate that the anomeric specificity of gly-
colysis in intact cells does not necessarily depend on the
anomeric preference of D-glucose phosphorylation in
cell homogenates.

A further investigation on the metabolism of D-glu-
cose anomers in rat erythrocytes aimed at a comparison
between control animals and streptozotocin-induced dia-
betic rats [14]. Five days after the intravenous admini-
stration of streptozotocin (80 - 90 mg/kg body weight), the
diabetic rats were severely hyperglycemic (plasma glu-
cose concentration: 23.3 + 1.3 mM versus a control value
of 7.3+ 0.5 mM; n =5 - 6). The erythrocytes were incu-
bated over 45 min at 8°C in the presence of tracer
amounts of D-[U-**C]glucose or D-[5-*H]glucose at ano-
meric equilibrium and either freshly dissolved unlabelled
a- or f3-D-glucose (7.0 mM). The absolute value for
10, production from D-[U-"*C]glucose in the presence
of 3-D-glucose was not significantly different in control
rats (46.2 = 1.6 fmol/min per pl blood; n = 24) and dia-
betic rats (55.2 £ 8.9 fmol/min per pl blood; n = 21). The
absolute value for ®HOH production from D-[5-*H]glu-
cose in the presence of f-D-glucose was lower (p <
0.005), however, in diabetic animals (742 £ 77 fmol/min
per pl blood; » = 33) than in control rats (980 + 64
fmol/min per pl blood; n = 35). The CO,/*HOH ratio
was thus higher (p < 0.05) in diabetic animals (7.44 £
1.36%; df = 52) than in control rats (47.1 + 0.40%; df =
57). Whether in control rats or diabetic animals, both the
output of **CO, and production of *HOH were lower (p <
0.05 or less) in the presence of a-D-glucose than in the
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presence of 3-D-glucose (Table 1). The relative extent of
such anomeric differences was not significantly different
(p > 0.2 or more) in control and diabetic rats. These ex-
periments were conducted in the perspective of distin-
guishing between the accumulation of glycogen and non-
enzymatic glycation of cytosolic proteins as a possible
determinant of the so-called anomeric malaise observed
in diabetic subjects, rats and rabbits [15-19]. The selec-
tion of erythrocytes for such a purpose was motivated by
the two following considerations. First, in diabetes, vir-
tually no glycogen accumulation in erythrocytes [20,21].
Second, erythrocytes represent a well-known target for the
non-enzymatic glycation of cytosolic proteins [22], as
also occurs in other cell types characterized by a close-
to-equilibrium partition of D-glucose concentrations across
the plasma membrane, e.g. in hepatocytes [23] and pan-
creatic islet B-cells [24]. The present findings afford sev-
eral pieces of information. First, they confirm a prior
observation recorded at 37°C, instead of 8°C, and indi-
cating that the generation of *HOH from D-[5-*H] glu-
cose and, as a matter of fact, also from D-[2-*H]glucose
is lower in erythrocytes from diabetic rats than in eryth-
rocytes from control animals, averaging respectively over
60 min incubation in the diabetic and control rats 857.4 +
89.3 and 1302.6 £ 110.8 pmol/pl blood in the case of
D-[5-*H]glucose and 540.7 + 70.6 and 998.3 + 82.2
pmol/pl blood in the case of D-[2-*H]glucose (n = 6 in
all cases) [25]. Second, the present findings indicate that,
under the present experimental conditions, unlabelled a-
D-glucose decreases more efficiently than unlabelled -
D-glucose both the oxidation of D-[U-**C]glucose and
utilization of D-[5-*H]glucose, used at anomeric equilib-
rium in tracer amounts, in fair agreement with the data
obtained when comparing the metabolic fate of the D-
glucose anomers in prior experiments (see above). Third,
they reveal that, in the latter respect, no significant dif-
ference was found between erythrocytes prepared from
either control animals or diabetic rats. In other words, the

Table 1. Anomeric specificity of D-glucose metabolism in rat
erythrocytes.

Rats Anomer ¥CO, output *HOH production
a 74.0 £33 (23)° 83.6£3.7 (34)
Control
Yi 100.0 £ 3.4 (24) 100.0 + 3.9 (35)
a 64.4+ 45 (19) 85.7 5.6 (33)
Diabetic
Y 100.0+4.1(21)  100.0 + 4.4 (33)

®Results are expressed relative to the mean reference value found within
each experiment in erythrocytes incubated for 45 min at 8°C in the presence
of tracer amounts of D-[U-*C]glucose or D-[5-*H]glucose at anomeric
equilibrium and unlabelled $-D-glucose (7.0 mM). Mean values (+ SEM)
refer to the number of determinations indicated in parentheses [14].
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anomeric specificity of D-glucose metabolism, whether
in the glycolytic pathway or pentose phosphate pathway,
is not altered in erythrocytes obtained from diabetic rats.
Since diabetes increases the non-enzymatic glycation of
cytosolic proteins in erythrocytes, the latter finding ar-
gues against the view that such a glycation process may
lead to perturbation of the anomeric specificity of hexose
metabolism. Two further sets of observations support
such a proposal. First, a decrease in both D-[2-*H]glu-
cose and D-[5-*H]glucose (7.0 mM) at anomeric equilib-
rium was also observed over 60 min incubation at 37°C
in erythrocytes from rats rendered hyperglycemic (13.1 +

1.3 mM versus a control value of 6.2 £ 0.2 mM; n =5 - 6)

after only 48 hours administration of diazoxide [26], un-
der which condition no sizeable change in the glycation
of cytosolic protein is observed, whether in erythrocytes
or hepatocytes [27]. Second, the catalytic properties of
glycated phosphoglucoisomerase, in terms of anomeric
specificity, as well as specific activity, isotopic discrimi-
nation and intramolecular hydrogen transfer, fail to differ
significantly from those found in a control preparation of
the enzyme [28].

The last set of experiments conducted in erythrocytes
from normal rats aimed at exploring the possible enzyme-
to-enzyme channeling of glycolytic intermediates [29].

For such a purpose, the erythrocytes were incubated for
60 min at 4°C 1) in the presence of 2.8 or 8.3 mM D-
glucose at anomeric equilibrium mixed with tracer amounts
of equilibrated D-[2-*H]glucose or D-[5-*H]glucose or 2)
in the presence of freshly dissolved a- or f-D-glucose
(also 2.8 or 8.3 mM) mixed with the corresponding triti-
ated anomers. In the erythrocytes exposed at 4°C to D-
glucose at anomeric equilibrium, the generation of *HOH
from D-[5-*H]glucose was about one order of magnitude
lower than that recorded at 37°C, with a Qq close to 2.2.
At 4°C and at anomeric equilibrium, a rise in D-glucose
concentration from 2.8 to 8.3 mM increased, modestly
but significantly, the generation of *HOH from the triti-
ated hexoses. Under these experimental conditions, the
generation of *HOH from D-[2-*H]glucose averaged, at
2.8 and 8.3 mM respectively, 83.4% + 3.1% (n = 21) and
91.3% * 4.2% (n = 21) of the mean values found within
the same experiment(s) at the same hexose concentration
for the generation of *HOH from D-[5-*H]glucose (Fig-
ure 1). The D-[2-*H]glucose/[5-*H]glucose ratio for *HOH
generation was thus lower at 2.8 mM D-glucose, in
which case it differed significantly from unity (» < 0.005),
than at 8.3 mM D-glucose, in which case it failed to be
significantly lower than unity (p > 0.1). These findings
represent a first indication that relative to its phosphory-
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Figure 1. The figure depicts, from left to right, the generation of *HOH 1) from D-[2-*H]glucose rela-
tive to that from D-[5-*H]glucose in erythrocytes exposed to equilibrated D-glucose; 2) from /3-D-
[2-*H]glucose relative to that from a-D-[2-H]glucose and from 8-D-[5-H]glucose relative to that from
a-D-[5-*H]glucose; and 3) from a- and 8-D-[2-*H]glucose relative to that from a- and -D-[5-*H]glu-
cose. Mean values (+ SEM) obtained in each case at two concentrations of the hexose (2.8 and 8.3 mM)
are derived from the number of observations indicated at the bottom of each column [34].
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lation rate, the channeling of a-D-glucose 6-phosphate
between hexokinase and phosphoglucoisomerase was so-
mehow decreased in response to a rise in hexose concen-
tration. Such a channeling is indeed mainly responsible
for the lower generation of *HOH from D-[2-*H]glucose,
as compared to D-[5-*H]glucose [30,31].

In the presence of the pure anomers, the rise in D-
glucose concentration from 2.8 to 8.3 mM increased the
generation of *HOH from either the a- or 3-anomers of
tritiated D-glucose. However, the rise in hexose concen-
tration increased to a greater relative extent the genera-
tion of *HOH from tritiated 3-D-glucose, as compared to
a-D-glucose. Such a situation is consistent with the low-
er Km of hexokinase for the a-anomer, as distinct from
f3-anomer, of D-glucose in rat erythrocyte homogenates
[12,13]. At 2.8 mM, the f3/a ratio for *HOH generation
from the [5-*H]anomers averaged 73.2% =+ 10.2% (df =
37; p < 0.02 versus unity). At 8.3 mM, however, the f5/a
ratio for *HOH generation from the [5-*H]anomers was
no more significantly different from unity (» > 0.2), av-
eraging 114.4% + 11.2% (df = 40) as illustrated in Fig-
ure 1. These findings are in fair agreement with a prior
observation concerning the increment in lactic acid out-
put above basal value [12] and are consistent with the
knowledge that, at high concentrations of D-glucose, the
higher maximal velocity of 5-D-glucose phosphorylation
by hexokinase compensates for the lower affinity of the
enzyme for the f-anomer [13]. At variance with the re-
sults obtained with the D-[5-*H]glucose anomers, the /a
ratio for *HOH generation from D-[2-*H]glucose ano-
mers was not significantly different from unity, whether
at 2.8 or 8.3 mM, with mean respective values of 117.4%
+ 17.6% (df = 37) and 120.4% + 27.4% (df = 41), as
documented in Figure 1. Thus, such a ratio was signifi-
cantly higher (p < 0.05) than the /3/a ratio for *HOH gen-
eration from the D-[5-*H]anomers at 2.8 mM, but not so
at 8.3 mM (p > 0.8). Since a higher f3/a ratio for *HOH
generation from D-[2-*H]glucose, as compared to *HOH
generation from D-[5-*H]glucose, represents a character-
istic feature of the enzyme-to-enzyme channeling of a-
D-glucose 6-phosphate between hexokinase isoenzyme(s)
and phosphoglucoisomerase [31], the latter finding again
suggests that the rise in hexose concentration adversely
affected such a channeling process in rat erythrocytes. At
both 2.8 and 8.3 mM, the generation of *HOH from a-D-
[2-®H]glucose was lower than that from a-D-[5-*H]glu-
cose, with an overall mean [2-*H]/[5-°H] ratio of 77.2 +
9.2% (df = 78; p < 0.02). A different situation prevailed
in the erythrocytes exposed to f-D-glucose, in which
case the [2°H]/[5-°H] ratio for *HOH generation was no
more significantly different from unity, whether at 2.8 or
8.3 mM, with an overall mean value of 109.2% + 11.9%
(df = 77; p > 0.4). These results confirm that a low value
for the [2-*H]/[5-*H] ratio for *HOH generation repre-
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sents a typical feature of a-D-glucose metabolism, once
again in agreement with the concept that the postulated
channeling process between hexokinase and phosphoglu-
coisomerase concerns a-D-glucose 6-phosphate rather than
S3-D-glucose 6-phosphate, as expected from the intrinsic
properties of phosphoglucoisomerase [32].

In conclusion, the present results, when compared to
those recently collected in rat pancreatic islets [33,34],
document that the channeling of a-D-glucose 6-phos-
phate from its site of generation to phosphoglucoisom-
erase is affected in opposite manner by a rise in hexose
concentration in rat erythrocytes versus rat pancreatic
islets. Such contrasting situations support the view that
the regulation of the enzyme-to-enzyme tunneling proc-
ess tightly depends on the identity of the hexokinase iso-
enzyme (low-Km hexokinase versus high Km gluco-
kinase) mainly responsible for the phosphorylation of D-
glucose in distinct cell types.

3. HUMAN ERYTHROCYTES

Further experiments were conducted in human erythro-
cytes and revealed individual variability in the anomeric
specificity of D-glucose phosphorylation and catabolism.
Three series of experiments were conducted on the ano-
meric specificity of D-glucose phosphorylation by hu-
man erythrocyte homogenates. In the first series, con-
ducted in two normal subjects, the o/ ratio for the Km,
as judged from the effect of unlabelled a- or 3-D-glucose
(75 uM) upon the phosphorylation of D-[5-*H]glucose
(25 pM) at anomeric equilibrium over 30 min incubation
at 10°C averaged, in these two subjects 0.424 + 0.011
and 0.468 * 0.016, indicating a greater affinity for a-
than 3-D-glucose [35]. The o/f ratio in maximal velocity,
as judged from the phosphorylation of the anomers (1.0
mM) mixed with a tracer amount of the corresponding a-
and f8-anomer of either D-[U-**C]glucose or D-[5-*H]glu-
cose yielded mean respective values of 0.751 + 0.030 and
0.741 + 0.018 in the first subject, and 0.716 + 0.026 and
0.745 £ 0.009 in the second subject, indicating a higher
maximal velocity of human erythrocyte hexokinase with
3-D-glucose than with a-D-glucose.

In the second series, conducted in 13 normal subjects,
the a/fs ratio for the Km, also judged from the effects of
unlabelled a- or 5-D-glucose (40 and 90 uM) upon the
phosphorylation of D-[U-**C]glucose (10 pM) at ano-
meric equilibrium over 5 min incubation at 22°C, aver-
aged in the presence of 40 or 90 uM unlabelled D-glu-
cose anomer 57.4% + 5.5% (n = 13), thus confirming the
higher affinity for a-D-glucose than 3-D-glucose. It should
be underlined, however, that in one subject such an a/f
ratio amounted to 116.1% as distinct (» < 0.001) from
52.5% + 2.7% in the other 12 normal subjects [36]. More-
over, in another of the last 12 subjects, the absolute val-
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ues of the Km for both a- and 3-D-glucose were far abo-
ve the upper limit of the range of values otherwise re-
corded in these normal subjects. In the two subjects with
either an unexpectedly high o/f ratio for the Km or ab-
normally high absolute Km values, the a/f ratio in max-
imal velocity, as measured over 5 min incubation at 22°C
in the presence of 1.0 mM a- or 3-D-glucose, also unex-
pectedly yielded high values (104.6% and 125.6%), as
distinct (p < 0.001) from 86.7% % 2.5% in the other
eleven normal subjects. The latter mean value is not sig-
nificantly different (»p > 0.05) from that recorded in our
first series of experiments (73.8% * 0.8%; n = 2). As a
matter of fact, in the second series of experiments, indi-
vidual values of 77.2%, 77.5% and 79.8% were recorded,
so that the values found in the first series of experiments
remain well above the lower limit of the 95% confidence
interval for individual values as measured in the eleven
normal subjects mentioned above. Incidentally, one of
the two subjects displaying in the second series of ex-
periments a high «/f3 ratio (104.6%) in maximal velocity
also remained within the limits of the just mentioned 95%
confidence interval. It should be stressed that the latter
subject also displayed a normal o/ ratio in Km (48.9%).
In conclusion, despite far-from-negligible individual va-
riations, only one out of 13 subjects yielded truly abnor-
mally values of the o/f3 ratio for both Km (116.1%) and
Vmax (125.6%). This exceptional situation is reminis-
cent of the observation made in a normal female subject
who, at variance with fifteen other normal subjects ex-
amined in the same study, identified 5-D-glucose as sweeter
than a-D-glucose on five distinct occasions over a period
of one year [37].

The third series of experiments concerned 32 diabetic
patients (13 males and 19 females) with a mean age of 58
+ 2 years, a mean body mass index of 30.0 + 1.2 kg/m?,
mean plasma D-glucose and C-peptide concentrations of
respectively 10.3 £ 0.6 mM and 2.0 = 0.2 ng/ml, and a
mean HbA,. percentage of 11.2% + 0.4% [38]. The Km
for each anomer was judged from the effects of unla-
belled a- or 5-D-glucose (40 and 90 uM) upon the phos-
phorylation of D-[-U-"*C]glucose (10 puM) at anomeric
equilibrium over 5 min incubation at 22°C. Likewise, the
maximal velocity for a- and 3-D-glucose was measured
over 5 min incubated at 22°C at a 1.0 mM concentration
of the concerned anomer. In all subjects, the Michaelis
constant was lower with o- than $-D-glucose, the o/
ratio for Km averaging 59.2% = 2.4%. Also in all sub-
jects, the maximal velocity was higher with /3-D-glucose
than a-D-glucose with a mean «/f3 ratio averaging 81.8%
* 1.2%. The latter two values are not different from those
recorded in the 14 normal subjects examined in the two
first series of experiments.

Two sets of experiments dealing with the anomeric
specificity of D-glucose metabolism in intact cells were
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conducted in human erythrocytes. The first of these stu-
dies provided several new pieces of information [39].
First, they revealed that the metabolism of D-glucose dis-
plays anomeric specificity in human erythrocytes. Sec-
ond, they indicated that, at a close-to-physiological con-
centration of D-glucose (4.0 mM), the utilization of
D-[5-*H]glucose, as measured over 60 min incubation at
9°C, is, as a rule, higher with pure - than a-D-glucose.
This represents a mirror image of that found with rat ery-
throcytes [4,12] and, hence supports the concept that the
anomeric specificity of hexose metabolism underwent a
phylogenetic evolution [40,41]. Third, the experimental
data indicated that, even under standardized conditions,
the anomeric specificity of D-glucose metabolism in hu-
man erythrocytes displays significant individual varia-
tions. For instance, in erythrocytes obtained from 11
normal subjects and 2 diabetic individuals, the a/f ratio
for *H,0 production from D-[5-*H]glucose (4.0 mM),
measured over 60 min incubation at 9°C, ranged between
the extreme values of 0.760 and 1.025, with an overall
mean value of 0.899 + 0.022 (n = 23; p < 0.001 as com-
pared to unity). It should be underlined that all these
measurements were performed in the presence of 4.0
mM D-glucose, at which concentration the utilization of
equilibrated D-glucose over 60 min incubation at 9°C is
close to its maximal value. Incidentally, the first indica-
tion of individual variations emerged from the following
findings. In a first subject (A), the utilization of pure
a-D-[5-*H]glucose (0.1 mM) over 60 min incubation at
9°C did not exceed that of 3-D-[5-*H]glucose. In three
other subjects (B to D), however, the mean value for
*HOH production from a-D-[5-*H]glucose (60.7 + 1.7
pmol/ul blood; n = 24) used at the same low concentra-
tion (0.1 mM), exceeded (p < 0.005) the mean value
found with 8-D-[5-*H]glucose (52.3 % 2.0 pmol/ul blood;
n = 24). In these subjects (A to D), the total production
of ®HOH from equilibrated D-glucose (0.1 mM) was not
significantly different from that found with pure f-D-
[5-*H]glucose, whilst the relative contribution of the a-
anomer to the total production of *HOH by erythrocytes
exposed for 60 min at 9°C to 0.1 mM D-glucose at ano-
meric equilibrium exceeded that expected from its rela-
tive value (36.2%) in both subject A (42.0% % 1.0%; n =
32) and subjects B to D (42.2% + 1.7%; n = 24).

Last, information was obtained on the influence of
several environmental factors on the anomeric specificity
of D-glucose metabolism. All relevant experiments were
conducted with erythrocytes of subject A. It was first
observed that over 6 min incubation at 37°C in the pres-
ence of equilibrated D-glucose (0.1 mM), the relative
contribution of a-D-glucose to the total generation of
*HOH from D-[5-*H]glucose (39.7% = 1.3%; n = 16)
exceeded (p < 0.02) that expected from its relative abun-
dance. Moreover, over 6 min incubation at 37°C in the
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presence of 7.0 mM a- or 3-D-glucose, the generation of
*HOH from D-[5-*H]glucose was significantly higher (p
< 0.001) with 8-D-glucose (134.8 + 2.4 pmol/ul blood; n
= 16) than with a-D-glucose (99.8 + 4.5 pmol/ul blood; n
= 16). These findings document that, even at a physio-
logical temperature (37°C), the metabolism of D-glucose
displays anomeric specificity. Second, both over 6 min
incubation at 37°C and over 60 min incubation at 9°C, a
rise in D-glucose concentration from 0.1 to 7.0 mM at
37°C or from 0.1 to 1.0 and 7.0 mM at 9°C resulted in a
progressive decrease from a preference for a-D-glucose
to a preference for -D-glucose as judged, for instance,
by the relative contribution of a-D-glucose to the total
generation of *HOH from D-[5-*H]glucose at anomeric
equilibrium from 39.7% + 1.3% to 35.8% * 0.6% (n = 16
in all cases) at 37°C and from 42.0 + 1.0% (n = 32) to
39.6% + 2.1% (n = 24) and 38.2% + 0.9% (n = 24) at
9°C. Likewise, the f/a ratio for the utilization of the pure
anomers progressively increased at 37°C from 97.4% *
3.7% (df = 30) to 135.1% =+ 6.6% (df = 30) when the
concentration of D-glucose was increased from 0.1 to 7.0
m. Also at 9°C, whilst no anomeric difference in the
production of *HOH was observed in the presence of the
pure anomers tested at a 0.1 mM concentration, the /-
anomer was more efficiently metabolized than the a-ano-
mer (p < 0.05) at a 7.0 mM concentration. These findings
are in fair agreement with those expected from the above-
mentioned anomeric behaviour of hexokinase in human
erythrocyte homogenates. Such an analogy coincides with
the relatively low fractional turnover rate of the erythro-
cyte pool of D-glucose 6-phosphate, which does not ex-
ceed at 9°C in the presence of 7.0 mM equilibrated
D-glucose 0.13 + 0.01 min™ [11,39]. Third, over 60 min
incubation at 9°C, the production of **CO, from D-[U-C]
glucose (0.1 mM) was higher with pure a-D-glucose than
S3-D-glucose, this coinciding with a relative concentration
of the a-anomer to the generation of **CO, from equili-
brated D-[U-**C]glucose (also 0.1 mM) averaging 50.0%
+4.2% (n = 24) in large excess (p < 0.005) of its relative
abundance. Incidentally, over 60 min incubation at 9°C
in the presence of equilibrated D-glucose (0.1 mM), the
oxidation of D-[U-"*C]glucose, i.e. 0.41 = 0.02 pmol/pl
blood (n = 24) was two orders to magnitude lower than
the utilization of D-[5-*H]glucose, i.e. 67.9 = 1.2 pmol/ul
blood (n = 32).

Figure 2 illustrates the positive correlation (» = 0.8584;
n =7; p <0.05) between the relative contribution of the
f3-anomer to the metabolism of equilibrated D-glucose
and the corresponding a/fs ratio for the metabolism of
pure anomers. The mean results illustrates in this figure
corresponds to all the data collected in subject A and B
to D and were thus obtained at two temperature (9°C and
37°C), at increasing concentrations of D-glucose (0.1, 1.0
and 7.0 mM), in erythrocytes removed from distinct sub-
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Figure 2. Relationship between mean values (+ SEM) for the
relative contribution of 3-D-glucose to the overall metabolism
of equilibrated D-glucose and the corresponding f3/o. ratio for
the metabolism of pure anomers [39]. The dotted vertical line
refers to a situation in which no difference is observed in the
metabolism of the pure anomers. The dotted horizontal line
refers to the situation in which the relative contribution of -D-
glucose to the overall metabolism of equilibrated D-glucose is
identical to the abundancy of the $-anomer (i.e. 0.638).

jects, and for two distinct metabolic parameters (*HOH
and **CO, production). Despite such a heterogeneity in
experimental conditions, there appeared to exist a single
relationship between the two variables under considera-
tion.

The second set of experiments dealing with the ano-
meric specificity of D-glucose metabolism in intact hu-
man erythrocytes concerned the oxidation of **C-labelled
D-glucose [35]. It was first documented that the oxida-
tion of D-[U-**C]glucose at anomeric equilibrium over
60 min incubation at 10°C increased as a function of the
extracellular concentration of the hexose (0.07, 0.2 and
5.6 mM) from 43.6 + 2.2 (n = 9) t0 210.3 + 12.1 (n = 18)
fmol/pl. An inhibitor of aldose reductase significantly
decreased “CO, output, the relative extent of such an
inhibitory effect being comparable at low (0.07 - 0.2 mM)
D-glucose concentration (21.1% + 5.0%; df = 29; p <
0.001) and normal (5.6 mM) D-glucose concentration
(21.5% = 9.8%; df = 34; p < 0.01). Incidentally, the oxi-
dation of D-[U-**C]glucose (5.6 mM) was about 6 - 7
times lower at 10°C than at 37°C, in which case it amoun-
ted to 1.17 £ 0.03 pmol/pl per 60 min (rn = 17).

In pilot experiments performed with D-[U-**C]glu-
cose (5.6 mM) at anomeric equilibrium, menadione (20
UM) was found to cause, over 60 min incubation at 10°C,
a 15-fold increase in **CO, output, the ratio of test/con-
trol values averaging 15.3 + 1.2 (df = 15). Menadione
(20 pM) failed, however, to affect the production of
*HOH from D-[5-*H]glucose. Thus, over 60 min incuba-
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tion at 10°C in the presence of either 0.2 or 5.6 mM
D-[U-**C]glucose, the production of *HOH in the pres-
ence of menadione averaged 98.2% + 1.9% of the corre-
sponding mean control values (100.0% + 2.9%; n = 17 in
both cases) found in the absence of menadione. Inciden-
tally, at 10°C, the production of *HOH from D-[5-°H]
glucose was about 600 - 700 times higher than the oxida-
tion of D-[U-"*C]glucose. In the light of these findings,
the erythrocytes were incubated for 60 min at 10°C with
either a- or 8-D-[U-"*C]glucose (0.2 and 5.6 mM) in the
absence or presence of menadione. In the absence of
menadione, the oxidation of the D-[U-**C]glucose ano-
mers increased about 7 - 8 times as the hexose concen-
tration was raised from 0.2 to 5.6 mM. In the absence of
menadione a-D-[U-*C]glucose was more efficiently oxi-
dized than -D-[-U-**C]glucose (a/f3 ratio: 1.21 + 0.06;
df = 34; p < 0.005) when the hexose was present at a low
extracellular concentration (0.1 mM). Such a difference
faded out, however, at higher D-glucose concentrations,
in which case the a/f ratio in *CO, output averaged 0.89
+ 0.06 (df = 63; p > 0.05 versus unity). The results ob-
tained in the presence of menadione (20 uM) are sum-
marized in Table 2. Once again, the a-anomer was oxi-
dized more efficiently than the $-anomer at a low con-
centration of D-glucose (0.2 mM), whereas the opposite
situation prevailed at a higher D-glucose concentration (5.6
mM). These anomeric differences were documented ei-
ther by the absolute values for *CO, output from eryth-
rocytes exposed to menadione (p < 0.01) or by the ratio
in **CO, output in the presence/absence of menadione (p
< 0.001). In contrast to the results recorded in the ab-
sence of menadione, the absolute value for D-[U-C]
glucose oxidation in the presence of menadione appeared
little affected by the extracellular concentration of the
hexose (Table 2).

These findings suggest that at least three factors may
condition the anomeric specificity of D-[U-"*C]glucose
oxidation in human erythrocytes, namely the anomeric di-
fference in D-glucose phosphorylation, the apparent pre-
ference of aldose reductase for a-D-glucose and the -
stereospecificity of glucose 6-phosphate dehydrogenase.
As already mentioned, the participation of human eryth-
rocyte hexokinase, with higher maximal velocity but lo-
wer affinity for $-D-glucose than a-D-glucose, may be
favoured by the relatively low fractional turnover rate of
the D-glucose 6-phosphate pool. The results obtained in
the presence of the aldose reductase inhibitor are consis-
tent with a coupling between the sorbitol and pentose phos-
phate pathways. Indeed, aldose reductase behaves ap-
parently as an a-stereospecific enzyme [42,43]. Last, the
results recorded in the presence of me nadione, which
allows for the efficient reoxidation of NADPH, again
point to a far-from-negligible role for the intrinsic pro-
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Table 2. D-[U-**C]glucose oxidation by human erythrocytes
incubated for 60 min at 10°C in the presence of menadione (20

UM).

D-[U-*C]glucose  Menadione/control
oxidation® % (pmol/ul  value % (absolute
per 60 min) value)

D-glucose anomer
(concentration)

a-D-glucose (0.2 mM) 112.3+3.5(2.77) 157.5+5.0 (61.6)

B-D-glucose (0.2 mM)  100.0+2.3(2.47)  100.0 +2.2 (39.2)

a-D-glucose (5.6 MM)  86.2 + 1.7 (2.56) 779+ 15 (5.17)

B-D-glucose (5.6 mM)  100.0£2.6 (2.96)  100.0 % 2.2 (6.58)

®Results are expressed either relative to the mean corresponding value found
with 3-D-glucose (%) or as a mean absolute value (in parentheses). Mean
values (+SEM) refer to 17 - 18 individual measurements [35].

perties of hexokinase in the anomeric difference of D-[U-
¥Clglucose oxidation.

4. CONCLUSION

The findings reviewed in this report document that the
anomeric specificity of D-glucose metabolism in either
rat or human erythrocytes participates in the fine regula-
tion of this hexose oxidation and utilization in cells for
which D-glucose represents the major nutrient.
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