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Hexose-specific inhibition in vitro of human red cell
Ca’*-ATPase activity
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In a concentration-dependent manner (5.5-27.5 mmol /1), p-glucose incubated in vitro with human crythrocyte membranes at
37°C for 1 h inhibited membrane Ca®*-ATPase activity by up 10 75%. The 1C,, was 11 mmol/l. L-Glucose was incffective, as
were 3-O-methylglucose, 2-deoxyglucose, sorbitol and myo-inositol. In conirast, p-fructose decreased Ca?*-ATPasc activity
nearly as effectively as p-glucose and mannose and galactose at 11 mmol/i were less than 30% as effective as p-glucose.
Tunicamycin (12 pmol/1), but not 10 mmol/] aminoguanidine, progressively 2ntagonized in vitro the p-glucosc effect on the
enzyme. Erythrocytec membrane Ca**-ATPase activity may be regulated by glycosylation, rather than nonenzymatic glycation.

The nonenzymatic glycation of proteins is widely
acknowledged to occur in vivo and in vitro under
ambient glucose concentrations that are normal or
increased [1-3]. Protein function and structure may be
altered when excessive glycation occurs [4,5] and glyca-
tion has been postulated to contribute to the develop-
ment of specific organ complications of diabetes melli-
tus [1,6]. Ca?*-stimulated, Mg2*-dependent adenosine
triphosphatase (Ca?*-ATPase) activity has been shown
to be decreased in erythrocytes obtained from hyper-
glycemic diabetic patierts [7-9]. We have reported that
in vitro exposure of rad blood cell membranes from
normal subjects to ambient glucose concentrations
above 5 mmol /1 (90 mg/dl) for as little as 1 h at 37°C
leads to significantly decreased membrane Ca?*-
ATPase activity [10]. Further, we showed that transient
decreases in red cell Ca?*-ATPase activity occur in
vivo during short-term glucose administration [10]. Re-
cently, Resnick et al. have reported that human ery-
throcyte Ca’* content is increased in diabetic patients
[11] and that red cell Ca®* levels rise in vitro after
short-term exposure of intact red cells to modestly
elevated ambient glucose levels in the presence of
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physiological extracellular concentrations of Ca’* [12].
In the present studies we have examined the effects of
specific hexoses on human red cell Ca®*-ATPase activ-
ity in vitro, as well as the effects of tunicamycin and
aminoguanidine on the action of glucose in this model.

Human erythrocyte ghosts were prepared hypotoni-
cally, as previously described [13], from red cells ob-
tained from normal subjects. The membranes were
stored at — 70°C until used within 24-72 h. p-Glucose,
L-glucose, D-fructose, D-galactose, p-mannose, 3-O-
methylglucose, 2-deoxyglucose, D-ribose, sorbitol,
myo-inositol, aminoguanidine, ouabain, malachite
green and tunicamycin were obtained from Sigma (St.
Louis, MO).

Enzyme activity was measured by Na, ATP hydroly-
sis as previously described [13] and enzyme activity
expressed as umol inorganic phosphate (P) liberated
per mg membrane protein per 90 min assay time.
Membrane protein was measured by the Lowry method
[14] and P, was quantitated by the malachite green
method [15]. Membrane enzyme assays were conducted
on duplicate samples and data presented reflect means
+ S.E. of two or more separate experiments. Intra-as-
say and inter-assay coefficients of variation were 2 and
3%, respectively.

To study the effects of hexoses, aminoguanidine and
tunicamycin on membrane Ca?*-ATPase activity in
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Fig. 1. Inhibition of erythrocyte membrane Ca® *-ATPase activity by

glucose and fructose. Erythrocyte membranes were incubated for 1 h

at 37°C with p-glucose, t-glucose and b-fructose at the concentra-
tions shown and then assayed for Ca® *-ATPase activity.

vitro, membranes were preincubated for 1 h at 37°C
with various concentrations of the specific sugars or
other reagents prior to enzyme assay. The buffer for
these incubations was 10 mmol /1 Tris-HCl (pH 7.4), as
used in the ATPase assay. Control incubations of mem-
branes were carried out in Tris-HCI.

Red cell Na*/K*-ATPase activity was measured as
the difference in hydrolysis of Na,ATP in the presence
and absence of ouabain (1 mmol/l), as previously
described [16).

As shown in Fig. 1, p-glucose in a concentration-de-
pendent manner (5.5-27.5 mmol /1) progressively re-
duced membrane Ca®*-ATPase activity. The reduction
at 27.5 mmol /1 was 75%, with 50% inhibition scen at
12 mmol /1. Washout of glucose after an preincubation
period of 1 h, prior to enzyme assay incubation, did not
restore enzyme activity (results not shown). Addition of
27.5 mmol /1 p-glucose to membranes immediately prior
to enzyme assay (i.e., with no glucose preincubation,
but with glucose carried through the membrane AT-
Pase assay) resulted in a decrease in enzyme activity of
only 15%. In contrast to the p-glucose effect, 1-glucose
had no effect on membranc enzyme activity (Fig. 1).
D-Fructose was slightly less potent than p-glucose in
decreasing Ca’*-ATPase activity, achieving at 27.5
mmol/1 a 50% reduction in enzyme activity (Fig. 1).

3-O-Methylglucose, 2-deoxyglucose, sorbitol and
myo-inositol at concentrations of up to 11 mmol /I had
no effect on human red cell Ca®*-ATPase activity (Fig.
2). p-Galactose and mannose at 11 mmol /1 induced 20
and 15% decreases, respectively, in enzyme activity.
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Fig. 2. Effect of sugar and sugar alcohols on erythrocyte membrane
Ca*'-ATPase activity. Erythrocyte membranes were incubated for 1
h at 37°C in the presence of the sugar and sugar alcoliols shown at
concentrations of 0, 5.5 or 11 mmol /1 and assayed for Ca® ' -ATPase
activity.

The inhibitory cffect of glucose (11 mmol/I) on
membrane Ca’® -ATPase activity was prevented by
coincubation of membranes with 12 pmol/l tuni-
camycin (Fig. 3. left panel). Aminoguanidine (10
mmol /1) did not antagonize the p-glucose effect on the
ATPase (Fig. 3, right panel).

Incubations of human erythrocyte membranes with
p-glucose, n-fructose, galactose and mannose did not
affect Na* /K*-ATPase activity (results not shown).

Schaefer et al. [8] and others {7.9] have reported
that red cells ohtained from chicnicaily hyperglycemic
diabetic patients have decreased membrane Cal*-
ATPase activity. We [10] and Gonzalez Flecha et al. [7]
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Fig. 3. Protection by tunicamycin and lack of protection by

aminoguanidine of erythrocyte membrane Ca2*-ATPase activity

against inhibition by glucose. Membranes were incubated in buffer

containing 0 or 11 mmol/] p-glucose in the absence or presence of

12 pmoi/I tunicamycin (left panel} or 10 mmol/l aminoguanidine

(right panel). After incubation for 1 h at 37°C., the membranes were
assayed for Ca**-ATPase activity.



postulated that this decrease in Ca**-ATPase (calcium
pump) activity would promote increased intracellular
concentrations of Ca>*. Resnick et al. have confirmed
that Ca>* content is indeed increased in red cells from
hyperglycemic diabetic patients [11], as well as in nor-
mal human erythrocytes exposed in vitro to increased
glucose concentrations [12]. This suggests that the glu-
cose effect on Ca?*-ATPase activity [7—10] has physio-
logic relevance. There was no hexose effect on mem-
brane Na,K-ATPasc activity, although hyperglycemia
in vivo can elevate activity of this enzyme [10]. The in
vivo observations of decreased Ca®*-ATPase activity in
the setting of hyperglycemia by Schaefer et al. [8] and
others [7,11] did not provide a mechanism by which the
enzyme inhibition might occur. The glucose effect on
ATPase might be expressed at the genomic level [17],
for example, were erythroid precursors to be exposed
to high ambient glucose concentrations. Our previous
studics, however, indicated that transient hyper-
glycemia in normal subjects promoted short-term, re-
versible decreases in Ca**-ATPase activity [10). Fur-
ther, incubation of membranes of mature red cells
obtained from healthy subjects with p-glucose in vitro
has led to substantially reduced Ca**-ATPase activity
[7,10], indicating that the in vivo effect of glucose is
largely, if not entirely, exerted at the plasma mem-
brane. Because the red cell membrane exposed in vivo
to glucose is unresponsive in vitro to the calmodulin
Ca®* complex [10,18], the endogenous activator of
Ca**-ATPasc [19), the glucose effect on the latter may
involve the site on the enzyme that interacts with
calmodulin.

The present studies are remarkable in their docu-
mentation of the sterco specificity of the hexose effect,
the lack of effect of aminoguanidine on the action of
glucose on Ca’**-ATPase and the confirmation that
tunicamycin antagonizes the eifect of p-glucose on the
enzyme. b- and L-glucose are equally effective in pro-
moting glycation. The fact that L-glucose is ineffective
in the Ca’*-ATPase model indicates that nonenzy-
matic glycosylation (glycation) is in fact not the mecha-
nism of the action of p-glucose on the ATPase. Fur-
ther, aminoguanidine inhibits protein glycation in sev-
eral experimental models [20-22), but was ineffective
in vitro in the current studies of Ca®*-ATPase activity.
In results not included here, we have shown that two
other inhibitors of glycation, sodium salicylate and
acetylsalicylic acid [23] (107* to 10~* M), were also
ineffective in preventing the in vitro action of glucose
(11 mM) on red cell Ca**-ATPase ...inity. The ab-
sence of influence of nonmetabolizable sugars -~ 3-O-
methylglucose and 2-deoxyglucose - on the Ca?*-
ATPase activity in the present studies indicates either
that hexose metabolism is required for inhibition by
sugars of Ca2*-ATPase or, more likely, that the 2- and
3-carbons in hexoses are critical to the effect.
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Tunicamycin antagonizes the p-glucose effect and is
acknowledged in intact cells to be an inhibitor of
enzymatic glycosylation [24], usually, glycosy!ation of
nascent proteins which are being processed for secre-
tion or insertion in membranes. We postulate that even
in the broken cell system we have studied, tunicamycin
is acting to inhibit the glycosylation of a specific pro-
tein — either Ca?*-ATPase or an associated moiety
critical to enzyme activation.

Extrapolation of these observations in red cells to
other tissues is incomplete. However, rabbit myocardial
sarcoplasmic reticulum (SR) Ca®*-ATPase activity is
subject to inhibition by p-glucose (Davis, F.B., War-
nick, P.B. and Davis, P.J., unpublished observations).
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