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The aim of this study was to investigate the stimulating effects of sulfhydryl reagents on glucose transport in isolated rat heart
muscle cells and to compare them with the action of insulin. Low concentrations of the sulfhydryl oxidants hydrogen peroxide
(H,0,) and diamide (5-100 uM), but also of phenylarsine oxide (PAO) (0.5-3 pM), that is known to specifically react with
vicinal SH-groups, stimulated the rate of 2-deoxy-p-glucose uptake by a factor of 4 to 8 in these cells, while higher concentrations
were inhibitory. The stimulating effects of H,0, or diamide, and, to a significantly lesser extent, those of PAO or insulin, were
depressed in cells pretreated with the sulfhydryl-alkylating agent N-ethylmaleimide (56-100 uM). H,O, raised the V,,, and
lowered the K, of 3-O-methyl-p-glucose uptake, while PAO or insulin solely increased V.. The increase in glucose transport
caused by H,0, was antagonized by the B-adrenergic agonist isoprenaline (1 M) or by a membrane-permeant cyclic AMP
analog, whereas the effects of PAO or insulin were not altered. The action of H,0, was additive with the stimulation induced by
the protein phosphatase inhibitors okadaic acid (1 uM) or vanadate (6 mM), whereas the responses to PAO or insulin were
reduced in the presence of these agents. Finally, H,O, and PAO, but not insulin, acted additively with the protein kinase C
ligand phorbol myristate acetate (0.8 uM) and with phospholipase C (0.03 units/ml). We conclude that, in cardiac myocytes,
H,0,, on the one hand, and PAO (and possibly insulin), on the other hand, stimulate glucose transport via at least two distinct,
SH-dependent pathways. These pathways, in turn, differ from a protein kinase C- and from a phospholipase C-mediated

mechanism.

Introduction

Regulatory pathways involved in the control of glu-
cose uptake and metabolism were repeatedly suggested
to contain essential sulfhydryl groups [4,5]. First evi-
dence in favour of this idea originated from studies on
isolated fat cells and muscle preparations in which the
stimulating effect of insulin on glucose transport (i)
could be inhibited by preincubating cells with agents
such as N-ethylmaleimide, that specifically block SH-
groups [6—8], and (ii) could be mimicked with sulfhydryl
oxidants such as diamide or hydrogen peroxide, that
promote the formation of disulfides [6—11). However,
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Abbreviations: dGlc, 2-deoxy-p-glucose; MeGlc, 3-O-methyl-p-glu-
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N-ethylmaleimide; PMA, 48-phorbol 128-myristate 13-acetate; PLC,
phospholipase C; PKC, protein kinase C; 8-Br-cAMP, §-bromoa-
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the cellular site(s) mediating these effects were not
identified.

More recently, M.D. Lane and colleagues observed
that phenylarsine oxide (PAQ), an arsenical compound
known to form stable ring structures with vicinal
sulfhydryls [12], specifically prevents the insulin-in-
duced increase in glucose transport in 3T3-L1
adipocytes [13]). This inhibiting effect of PAO was
confirmed in other tissues including isolated rat
adipocytes [14], BHK-21 cells [15] and rat soleus mus-
cle [16].

On the other hand, we and others have recently
found that PAO does not only display inhibiting prop-
erties, but that it is per se also a potent stimulator of
glucose transport in isolated cardiac myocytes [2], in
3T3-L1 adipocytes [17], in skeletal muscle [18] and in
cultured mouse fibroblasts [19].

PAO was reported to inhibit phosphotyrosyl protein
phosphatases [20], or to stimulate a tyrosine kinase
activity [19], and to promote the accumulation of cellu-
lar proteins phosphorylated on tyrosine residues
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[19,21,22]. However, it remains to be established
whether such events are related to the stimulating
effect of PAO on glucose transport. Nor is it known
whether transport regulation by PAO involves cle-
ments of the insulin signal cascade. A further issue that
needs to be elucidated is whether the stimulating ef-
fects of sulfhydryl oxidants described earlier [6-11], on
the one hand, and the newly reported increase in
glucose uptake upon PAO treatment [2,17-19], on the
other hand, can be ascribed to the activation of one
single cellular site.

We therefore decided to further characterize this
effect of PAO in isolated cardiomyocytes and to com-
pare it with that of insulin and of sulfhydryl oxidants.
Moreover, we considered the possibility of a relation-
ship with cellular events that have been proposed to
play a role in the stimulation of glucose transport in
insulin-sensitive tissues, such as processes involving
protein phosphatases [23,24], protein kinase C [25-28],
or phospholipase C [25-27].

The isolated rat cardiomyocytes used in this study
were obtained by a modified isolation procedure re-
cently developed in this laboratory. They are charac-
terized by a very low basal hexose uptake rate that
corresponds to values measured in intact perfused
hearts [2]; consequently, these cells are highly respon-
sive to stimuli of glucose transport and thus represent a
particularly sensitive model in this respect [2,3].

Materials and Methods

Chemicals

3-0O-Methyl-p-glucose, phloretin and cytochalasin B
were purchased from Serva (Heidelberg, Germany);
hydrogen peroxide and all chemicals for media used
for cell isolation and glucose transport assays were
from Merck (Darmstadt, Germany); diamide, phenylar-
sine oxide, N-ethylmaleimide, 48-phorbol 128-myri-
state 13-acetate, phospholipase C (Clostridium perfrin-
gens) and 8-bromoadenosine 3':5'-cyclic monophos-
phate (8-Br-cAMP) were obtained from Sigma (De-
isenhofen, Germany); bovine serum albumin, fraction
V, fatty acid-free, and adenosine desaminase from calf
intestinal muscosa were from Boehringer (Mannheim,
Germany); okadaic acid was purchased from Research
Biochemicals (Cologne, Germany); purified bovine in-
sulin was a kind gift from Barbara Rannefeld and Prof.
Axel Wollmer (Aachen, Germany); 3-O-[*H]methyl-p-
glucose and 2-deoxy-p-[*Hlglucose were purchased
from Amersham (Braunschweig, Germany). Concen-
trated stock solutions of the phorbol ester, cytochalasin
B or PAO (in dimethylsulfoxide) and of insulin (in
assay medium, see below) were stored at —20°C in
appropriate aliquots, and diluted just prior to addition
to the isolated cardiomyocytes. Final concentrations of
dimethylsulfoxide were typically 0.02-0.1% in the

transport assays and did not affect basal transport
activitiy. Orthovanadate stock solutions (0.14 M) were
prepared by the method of Goodno [1] and diluted
immediately prior to use. All other chemicals were
freshly prepared immediately before use.

Isolation of cardiomyocytes

Cardiomyocytes from adult Sprague-Dawley rats
(180-220 g, fed ad libitum) were obtained by an im-
proved method recently developed in this laboratory
[2]. The cells obtained by this procedure display a very
low basal glucose uptake rate (approx. 3 pmol 3-O-
methyl-p-glucose /s per mg protein at 1 mM sugar), as
compared with the values reported by other authors
and react to a stimulation by insulin (10 nM) with an 8-
to 20-fold increase in hexose transport activity [2)].

Determination of 2-deoxy-p-glucose uptake

The uptake of 2-deoxy-b-[*Hlglucose (dGIC) was
assayed (in medium A: 6 mM KCl, 1 mM Na,HPO,,
0.2 mM NaH,PO,, 1.4 mM MgSO,, 128 mM Na(Cl, 10
mM Hepes, 1 mM CaCl, and 2% bovine serum albu-
min, fatty acid-free, pH 7.4 at 37°C, equilibrated with
oxygen) as previously described [2]. In brief, 1 ml of cell
suspension (corresponding to approx. 1.5 mg cell pro-
tein) was incubated with 0.5 m! of medium (control) or
with an appropriate dilution of one or several agents to
be assayed, at 37°C for the times indicated (typically
15-30 min). The samples were then incubated in the
presence of dGlc for an additional 30 min before sugar
uptake was stopped by adding phloretin (400 M final
concentration). Specific, i.e., glucose-carrier-mediated
dGlc uptake was estimated by subtraction of uptake
rates monitored in the presence of 400 uM phloretin
from values measured in control or stimulated cells
(note that saturating concentrations of phloretin or of
cytochalasin B, another potent transport inhibitor, are
equally effective in inhibiting glucose transport in these
cells; sugar uptake in phloretin-treated cells averaged
17% of control values vs. 15-20% in myocytes exposed
to 20 uM cytochalasin B [2]).

Kinetics of 3-O-methyl-p-glucose uptake

The kinetics of zero-trans 3-O-methyl-p-glucose
(MeGlc) uptake was determined in an assay described
elsewhere [3]. In brief, 175 ul cardiomyocyte suspen-
sion was incubated in the absence (control) or the
presence of hydrogen peroxide (H,0,, 30 uM final
concentration), phenylarsine oxide (PAO, 1.8 uM) or
insulin (10 nM) in a total volume of 275 ul for 30 min
at 37°C, before MeGlc (1.1 uCi 3-O-[*Hlmethyl-p-glu-
cose and an appropriate amount of unlabelled sugar)
was added. Upon addition, the samples were quickly
and vigorously vortexed to achieve an effective mixing
and then shaken in a water bath at 37°C, before the
uptake reaction was stopped by rapidly adding phloretin



(400 uM final concentration). In preliminary experi-
ments, the zero-trans uptake rate of MeGlc (at 3 mM
extracellular concentration) had proved to be linear for
at least 120 s in control cells, 30 s in H,0,- or PAO-
treated cells, and 10 s in insulin-stimulated cells. Con-
sequently, total transport assay times (in the presence
of MeGlc) were chosen as follows: 90 s for control
cells, 25 s for H,0,- or PAO-treated cells and 8 s for
insulin-treated cells. The extent of cell-bound radioac-
tivity at zero time was measured in samples pretreated
with the specific glucose transport inhibitor cyto-
chalasin B (20 M), in which the assay was stopped
immediately upon MeGlc addition. The carrier-media-
ted, initial transport velocities were calculated by sub-
tracting the uptake rates measured in the presence of
cytochalasin B (0-420 s) from the values obtained in
the absence of inhibitor. Cell protein was determined
by the biuret method.

Statistics

The significance of differences between paired sets
of values was assessed with a paired Student’s t-test
(Table II, Fig. 4). When a set of data was used for
simultaneous comparison with several other sets of
values, significance was evaluated by one-way analysis
of variance (Table I, Fig. 3). For the comparison of K,
values of 3-O-methyl-p-glucose uptake under different
experimental conditions (Fig. 2), linear regression data
transformed in a Hanes plot were analyzed using an
F-test.

Results

Effect of hydrogen peroxide, diamide and phenylarsine
oxide on 2-deoxy-p-glucose uptake

As shown in Fig. 1, low concentrations (5-30 pM)
of the oxidant hydrogen peroxide (H,0,) enhance the
transport of 2-deoxy-p-[>Hlglucose (dGlc) in isolated
cardiomyocytes, while higher concentrations are in-
hibitory. At these relatively low concentrations, H,O,
is likely to oxidize exclusively the most reactive groups
present in living cells, i.e., SH-groups. The effects of
the peroxide could indeed be mimicked by the SH-
specific oxidant diamide at similar concentrations (Fig.
1). H,0, and diamide stimulated dGlc transport to a
comparable maximal extent (about 4- to 6-fold, as
compared to control values, maximal stimulation being
reached after 10 to 15 min (not shown).

Since diamide is likely to induce the formation of
disulfides from neighbouring SH-groups [29], we also
tested the effects of phenylarsine oxide (PAO), an
agent known to bridge between vicinal sulfhydryls [12].
In cardiomyocytes treated with PAO (0.5-3 uM), dGlc
uptake was markedly increased, while higher concen-
trations were inhibitory (Fig. 1), in analogy to the
effects observed in the presence of diamide or H,O,.
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Fig. 1. Concentration-dependence of the effects of H,0,, diamide

and PAO on dGlc uptake. Cardiomyocytes were exposed to H,0,,

diamide or PAQ at the indicated concentrations for 30 min at 37°C,

before the dGlc transport assay was performed, as described in

Materials and Methods. Each point represents the mean + S.E. of at

least two independent experiments (n = 6-9). The dotted line re-
presents the level of dGlc uptake in control cells.

The stimulation of dGlc transport by PAO (1.8 uM)
was complete after 15 min (not shown) and reached 5-
to 8-times the control level.

Phloretin (0.4 mM) or cytochalasin B (20 uM), com-
pletely suppressed the glucose uptake activity not only
of control cells, but also of cells stimulated with H,O,
(30 uM), diamide (20 uM) or PAO (1.8 uM) (not
shown), indicating that transport stimulation by these
SH-reagents involves a glucose carrier-mediated pro-
cess.

Stimulating concentrations of PAO (1.8 uM) or of
diamide (30 wM) did not change, and H,0, (30 uM)
even tended to increase the free energy of ATP-hydrol-
ysis from —65 to —~68 kJ/mol, as determined by a
method previously described [30]. This observation
shows that, at the concentrations used, none of these
agents has a toxic effect on energy metabolism, which
is a very sensitive indicator of an intact intermediary
metabolism in these cells.

When cardiomyocytes are treated with a combina-
tion of PAO or H,0, (or diamide) with insulin, the
resulting dGlc transport stimulation is markedly lower
than with insulin alone (and is similar to that observed
with PAO or H,0, alone) (Table 1I).

Influence of a pretreatment with N-ethylmaleimide on
the effects of hydrogen peroxide, diamide, phenylarsine
oxide and insulin

The question now arises as to whether (i) H,0,,
diamide and PAO interact with a common cellular site,
and (ii) whether one (or several) of these agents may
share their stimulating pathway with insulin. In a first
approach aiming at this issue, we investigated whether
the effects of these four stimuli can be prevented by
preincubating isolated cardiomyocytes with N-ethyl-
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TABLE 1

Influence of a pretreatment of cardiomyocytes with NEM on the
stimulation of dGlc uptake induced by H,O, diamide PAO or insulin

The cells were incubated for 15 min at 37°C in the absence or in the
presence of NEM at the indicated concentrations, before H,0, (30
uM), diamide (20 uM), PAO (1.8 uM), or insulin (10 nM) were
added. The incubation was continued for an additional 15 min and
the dGlc uptake assay was performed as described in Materials and
Methods. Results are mean values from at least two or three inde-
pendent experiments (+S.E.).

First addition Second addition dGlc uptake
(pmol /h
per mg protein)

% of maximal
effect @

None none 19.8+ 1.6

NEM 56 uM  none 192+ 2.0

NEM 75 uM  none 206+ 0.8

NEM 100 uM none 202+ 3.0

None PAO 139.0+ 2.6 100
NEM 56 uM  PAO 138.8+ 5.0 99.7
NEM 75 uM  PAO 104.9+10.4 72.1
NEM 100 uM PAO 798+ 5.7 514

None H,0, 1183+ 1.3 100
NEM 56 uM  H,O0, 85.6+ 6.0 64.7 **
NEM 75uM H,0, 564+ 3.7 33.0 **
NEM 100 uM H,0, 235+ 71 3.7 **
None diamide 1245+ 34 100
NEM 56 uM  diamide 100.2+ 7.6 75.3 *¥*
NEM 75 uM  diamide 809+ 6.0 55.7 **
NEM 100 oM diamide 509+11.2 25,1 **
None insulin 3031+ 5.2 100
NEM 56 uM  insulin 2752+ 5.2 90.3 *
NEM 75 uM  insulin 235.9+12.6 76.7 ™
NEM 100 uM insulin 122.6+16.4 3730

? Percentages are calculated from the arithmetical difference be-
tween stimulated and control values. * P < 0.05; ** P < 0.01; ™ not
significant, compared to the corresponding percentage of the PAO
effect, i.e., to the percentage values obtained in samples pretreated
with the corresponding NEM concentration and then incubated with
PAO (the comparison was done by one-way analysis of variance).

maleimide (NEM), an agent that specifically alkylates
(and thus blocks) SH-groups. NEM (56-100 w M), which
did not affect the free energy of ATP-hydrolysis (not
shown), nor the rate of basal glucose transport, clearly
reduced the stimulation brought about by H,0,, di-
amide, PAO or insulin (Table I). However, when these
stimulants were administrated before NEM, the agent
failed to inhibit their effects (data not shown). It should
be noted that the stimulation by H,O, or diamide is
significantly more sensitive to a pretreatmernt with
NEM than the stimulation by PAO or insulin (Table I).

Kinetics of 3-O-methyl-p-glucose transport

To further characterize the stimulatory effects of
H,0, and PAO, and to compare them with the action
of insulin, we determined the kinetic parameters of the
cytochalasin B-sensitive uptake of 3-O-methyl-p-glu-

cose (MeGic) in isolated cardiomyocytes after treat-
ment with these agents. In accordance with previously
published data [31,32], insulin (10 nM) increased V,,,,
(from 45 to 825 pmol MeGlc per s per mg protein,
without affecting the affinity of the transport system
(Fig. 2). PAO (1.8 uM) acted similary, but caused a
smaller change in V,, than insulin (up to 242 pmol
MeGlc per s per mg protein. In contrast, H,O, (30
M) did not solely raise V,,, (to 120 pmol MeGlc per s
per mg protein, but it also lowered the K, (from 12.2
to 7.2 mM; p < 0.001 as compared by F-test analysis of
linear regression data).

Influence of a B-adrenergic stimulation on the effects of
hydrogen peroxide, phenylarsine oxide, and insulin

The next approach designed to compare the effects
of H,0,, PAO, and insulin was to examine the influ-
ence of a B-adrenergic agonist on the increase in
glucose transport induced by these agents. It is well
established that, in rat adipocytes, the basal and in-
sulin-stimulated glucose transport is largely depressed
by the B-adrenergic agent isoprenaline via a cyclic
AMP-dependent mechanism [33-35]. In our cardiac
myocytes, however, neither isoprenaline (1 nM-1 uM)
nor the cell membrane-permeant CAMP analog 8-Br-
cAMP (1 mM) altered the basal or insulin-stimulated
rate of dGlc uptake (Fig. 3). Note that low isoprenaline
concentrations (1-10 nM) even tended to slightly in-
crease the rate of insulin-stimulated uptake, whereas
higher concentrations (1 uM) decreased the basal
transport values, but these effects were not statistically
significant (not shown). Similary, the stimulating action
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Fig. 2. Hanes plot of 3-O-methyl-D-glucose uptake measured in
control, H,0,-, PAO-, or insulin-treated cardiomyocytes. Cardiomy-
ocytes were preincubated in the absence (control) or in the presence
of 30 uM H,0,, 1.8 uM PAO or 10 nM insulin for 30 min at 37°C.
The initial rate of MeGlc uptake velocity was then determined as
described in Materials and Methods. Each point represents the mean
of 2-4 independent experiments (n = 14-28). The regression coeffi-
cients (r) of the linearized data are: 0.97 (control), 0.98 (H,0,), 0.87
(PAO) and 0.95 (insulin).
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Fig. 3. Influence of isoprenaline and 8-Br-cAMP on the effects of
H,0,, PAO, and insulin on dGlc uptake. Cardiomyocytes were
incubated for 30 min in assay medium at 37°C (open bars) or they
were exposed (i) to adenosine desaminase (1.5 unit/ml) for 15 min
and to isoprenaline (1 M) for an additional 15 min (diagonal bars)
or (ii) to 8-bromoadenosine 3’,5'-cyclic monophosphate (8-Br-cAMP)
for 30 min (speckled bars), before H,0, (30 uM), PAO (1.8 uM), or
insulin (10 nM) were added for another 30 min at 37°C. Data are
means of 2-9 independent experiments (each done in triplicate)
+S.E. Statistical significance was assessed by one-way analysis of
variance; (a) P <0.01 and (b) P <0.05 vs. value measured in the
presence of H,O, alone.

of PAO was not influenced by isoprenaline (10 nM-1
uM) or by 8-Br-cAMP (Fig. 3). In contrast, the effect
of H,0, was reduced by about 50% in the presence of
the adrenergic agonist (with an ICs, of approx. 10 nM)
or of the cAMP analog (Fig. 3). Analog results were
obtained when cardiomyocytes were pretreated with
cholera toxin (1 ug/ml) for 120 min (which is known
to rise the cAMP levels in these cells: Ref. 36): trans-
port stimulation by H,0, was depressed, whereas the
action of insulin remained unchanged (not shown).

Hydrogen peroxide or phenylarsine oxide and intracellu-
lar signalling elements

Finally, we addressed the question whether the ef-
fects of PAO and H,0, described above may be re-
lated to the action of other glucose transport stimula-
tors known to be effective in fat and muscle tissues:
vanadate, okadaic acid, the phorbol ester 48-phorbol
12 8-myristate 13-acetate (PMA) and phospholipase C
(PLQ).

Vanadate (a phosphotyrosyl protein phosphatase in-
hibitor [37]) and okadaic acid (a serine/threonine
phosphatase inhibitor [38]) were shown to mimic the
action of insulin in adipocytes (e.g., Refs. 23 and 39)
and skeletal muscle (e.g., Refs. 18 and 24); in addition
to stimulating glucose transport, okadaic acid pre-
vented the (considerably larger) transport stimulation
induced by insulin in adipose cells [39].

In our experiments with cardiomyocytes, both
okadaic acid and vanadate also proved to be potent
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stimulators of glucose uptake when added alone (Fig.
4), with EC,, values of approx. 0.3 uM or 0.6 mM,
respectively (not shown). On the other hand, when
either agent was added prior to insulin, the effect of
the hormone was reduced by approx. 20% (okadaic
acid, 1 uM) or by 30% (vanadate, 6 mM) (Fig. 4).
Similarly, a combined treatment of cardiomycytes with
vanadate and PAO (1.8 uM) resulted in a weaker
transport stimulation than with PAO alone; a combina-
tion of okadaic acid and PAO failed to increase glu-
cose transport to a larger extent than with okadaic acid
or PAO alone (Fig. 4). By contrast, okadaic acid or
vanadate, on the one hand, and H,0, (30 uM), on the
other hand, clearly acted in an additive manner in
stimulating glucose uptake in these cells (Fig. 4).

The stimulating effects of the protein kinase-C acti-
vator PMA and of exogenously added PLC on glucose
transport have been documented in a number of inves-
tigations (see e.g., Refs. 25-28). In cardiomyocytes,
both PMA (0.1-1 uM) or PLC (from C. perfringens,
0.03 unit/ ml) caused a 2- or 2.5-fold increase in dGlc-
transport, respectively (Table II).

The results of various combined treatments with
H,0, (30 uM), PAO (1.8 uM), PMA (0.8 uM), PLC
(0.03 units/ ml), and insulin (10 nM) are also presented
in Table II. These data can be summarized as follows:
(i) the effects of PMA and PLC are partially additive;
(i) neither agent, however, causes a further change in
dGlc uptake activity in cells that are stimulated with
insulin; (iii) the stimulatory action of H,0, or PAO,

350F
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Control H505 PAO Insulin

Fig. 4. Effect of combined treatments with okadaic acid or vanadate,
and with H,0,, PAO, or insulin on dGlc uptake. Cardiomyocytes
were exposed to assay medium (open bars) or to okadaic acid (1 uM)
for 15 min (diagonal bars) or to vanadate (6 mM) for 60 min
(speckled bars) at 37°C before H,0, (30 uM), PAO (1.8 uM), or
insulin (10 nM) were added for another 30 min prior to dGlc uptake
determination. Data are means of 2-5 independent experiments
+S.E. (each experiment was done in triplicate). (a) P <0.05 vs.
okadaic acid alone; (b) P < 0.05 vs. vanadate alone; (c) P < 0.01 and
(d) P <0.05 vs. H,O, alone; (¢) P < 0.05 vs. PAO alone; (f) P < 0.01
and (g) P <0.05 vs. insulin alone (paired z-test).
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TABLE 11

Effect of combined treatments with H,0, (30 uM), PAO (1.8 uM),
PMA (0.8 wM), phospholipase C (C. perfringens, 0.03 unit /ml or B.
cereus), and insulin (10 nM) on dGlc uptake

Cardiomyocytes were exposed to one or two agents simultaneously,
as indicated, for 30 min at 37°C. For the insulin-containing samples,
the cells were treated for 10 min with the first agent before insulin
was added, and then incubated for another 20 min. The dGlc
transport rate was then determined as described in Materials and
Methods. Data are mean values (+S.E.) from 2-8 independent
experiments (each experiment done in triplicate).

Additions dGlc uptake
(pmol /h per mg protein
None (control) 201+ 14
Insulin 291.7+123
H,0, 84.1+104
+PMA 130.2+17.0°
+PLC 1324+21.1°
+ insulin 89.04+ 23°¢
PAO 114.0+11.9
+PMA 162.7+21.8 %
+PLC 151.6+26.4 2
+ insulin 136.6+189 ¢
PMA 40.6+ 1.9
+PLC 651+ 1.7 54
+ insulin 278.3+143 ™
PLC 53.0+ 54
+ insulin 287.5+16.1 ™%

2P <0.05 and ® P < 0.01 vs. values measured in the presence of the
first agent alone; ¢ P < 0.001 vs. insulin alone; 4 P < 0.01 vs. PLC (C.
perfringens) alone; ™* not significant vs. insulin alone (paired t-test).

on the one hand, and of PMA or PLC, on the other
hand, are at least partially additive.

Discussion

The present study provides evidence for the involve-
ment of cellular sulthydryl groups in the regulation of
glucose transport in cardiac tissue: thus, (i) we found
that a mild oxidant (H,0, at micromolar concentra-
tions), but also the SH-specific oxidant diamide, or
phenylarsine oxide (PAQO), an arsenical compound that
reacts with vicinal sulfhydryls [12], markedly stimulate
the uptake of glucose in isolated cardiomyocytes (Fig.
1), i.e., to an extent that reaches approx. 30% to 50%
of the effect elicited by insulin; and (it) moreover,
pretreatment of heart muscle cells with micromolar
concentrations of the SH-blocking agent N-ethylmalei-
mide (NEM) depresses or prevents the increase in
glucose transport induced by H,O,, diamide, PAO or
insulin (Table I).

Furthermore, four lines of evidence emerging from
this work indicate that at least two different pathways

containing essential SH-groups and leading to glucose
transport stimulation are expressed in cardiac my-
ocytes.

First, the stimulating action of H,0, is clearly more
sensitive than that of PAO or that of insulin towards a
pretreatment with NEM (Table 1). Second, H,0, al-
ters both the V_,, and the K, values of 3-O-methyl-
D-glucose uptake, whereas PAO and insulin only in-
crease V.. (Fig. 2). Third, the stimulation of dGlc
uptake by H,O, is considerably depressed by the B-
adrenergic agent isoprenaline, probably via a cAMP-
mediated process, since the same result was obtained
with 8-Br-cAMP (Fig. 3), or with cholera toxin, which
is known to increase the cAMP level in these cells [36]
(not shown). In marked contrast, the effects of PAO
and insulin are completely insensitive to these inter-
ventions (Fig. 3). Note that this lack of antagonism of a
B-adrenergic treatment on insulin-stimulated glucose
transport contrasts with the inhibition observed in fat
cells [33-35], and in some [40], but not all [41] cardiac
models.

Fourth, the response of the myocyte glucose trans-
port system to H,O, is additive with the stimulating
action of protein phosphatase inhibitors of two types:
okadaic acid (a specific inhibitor of serine/threonine
phosphatases 1 and 2A [38]) and vanadate (an inhibitor
of phosphatyrosyl protein phosphatases [37]). In con-
trast, the effects of PAO or insulin are inhibited by
vanadate (and that of insulin, in addition, by okadaic
acid) (Fig. 4). Thus, some protein phosphatase-depen-
dent steps may modulate (or even be involved in) the
stimulation of glucose transport by insulin and by PAO
in these cells, while the stimulatory pathway triggered
by H,0, does not appear to contain the target pro-
teins for vanadate and okadaic acid.

On the whole, the results obtained in these four sets
of experiments clearly imply that, in heart muscle cells,
H,0,, on the one hand, and PAO (and possibly in-
sulin) on the other hand, elicit their stimulating effects
on glucose transport via at least two distinct pathways.
Furthermore, on the basis of similarities becoming
evident here, it may be speculated that PAO and
insulin share a common locus of action. This could, for
instance, be a cellular protein becoming phospho-
rylated on tyrosine residues and playing an essential
role in signal transmission; on the one hand, it is
indeed well established that tyrosine phosphorylation
represents an early and critical event in the signal
chain triggered by insulin (e.g., Ref. 42), and, on the
other hand, recent reports have shown that PAO treat-
ment leads to the accumulation of several phosphoty-
rosyl-containing proteins [19,21,22]. However, the pre-
cise cellular site of PAO action with respect to glucose
transport stimulation remains a matter of speculation,
especially as most studies performed so far focused on
the inhibiting effects of this compound.



As for the stimulating effect of H,O, observed in
cardiomyocytes, it is conceivable that it is related to
that of contractile activity (which represents, besides
insulin, a major stimulus of glucose uptake in muscle
tissue). Consistent with this possibility is an earlier
observation made in our laboratory, namely that in
electrically stimulated, i.e., contracting, isolated rat
cardiomyocytes, the K, of MeGlc-uptake was reduced
from 12.3 to 7.7 mM [43], i.e., to an extent very similar
to the change we now observed upon H,0, treatment.
Further investigations will be required to clarify this
issue.

The results presented in Table 11 show that the
pathways activated by PAO and H,0, must be, at
least partially, distinct from a protein kinase C-depen-
dent and from a phospholipase C-dependent mecha-
nism which also lead to glucose transport stimulation
in cardiomyocytes and in other insulin-sensitive tissues
[25-28].

Finally, a comparison of data obtained in isolated
adipocytes and muscle preparations with the results
presented here for cardiac myocytes reveals striking
differences with regard to the effects of sulfhydryl
reagents: (i) the concentrations of H,0, or of diamide
required to stimulate the uptake of glucose in myocytes
(5-100 uM, Fig. 1) are considerably lower than in
adipocytes (1-20 mM [6,7,9] or skeletal muscle (5-10
mM [8,10,11]); (i) in adipocytes from adult rats PAO
has only inhibiting effects on glucose transport [14];
(iii) in isolated adipocytes, PAO was shown to prevent
the rise in glucose transport induced by PMA [44],
whereas in cardiac cells, PAO has a stimulatory effect
on top of that of PMA (Table II). Interestingly, it was
recently reported that PAO stimulates glucose trans-
port in cultured 3T3-L1-adipocytes [17], in rat skeletal
muscle [18], and in cultured mouse fibroblasts [19].
Taken together, these observations clearly show that
the presumable SH-dependent events participating in
the regulation of glucose transport exhibit tissue-
specific peculiarities, or, alternatively, that they even
involve different pathways in different cell types.

In conclusion, the present study shows that reac-
tions involving SH-groups can largely modulate the
function of essential proteins participating in the stim-
ulation of glucose transport in cardiac myocytes. Im-
portantly, at least two distinct SH-dependent pathways
appear to be expressed in these cells: one pathway is
triggered by H,0, and the other by PAO (and possibly
by insulin).
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