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it has previously been shown that phenylarsine oxide (PhAsO), an inhibitor of protein internalization, also
inhibits stereospecific uptake of D-glucese and 2-deoxyglucese in both basal and insulin-stimulated rat
adipocytes. This inhibition of hexose uptake was found to be dose-dependent. PhAsO rapidly inhibited sugar
transport into insulin-stimulated adipocytes, but at low concentrations inhibition was transient. Low doses of
PhAsQ (1 pM) transiently inhibit stereospecific hexose uptake and near total (approx. 90%) recovery of
transport activity occurs within 20 min. Interestingly, ence recovered, the adipocytes can again undergo rapid
inhibition and recovery of transport activity upon further treatment with PhAsO (1 pM). In addition, PhAsO
is shown to inhibit cytechalasin B binding to plasma membranes from insulin-stimulated adipocytes in a
concentration-dependent manner which parallels the dose-respense inhibition of hexose transport by PhAsO.
The data presented suggest a direct interaction between the D-glucose transporter and PhAsQ, resulting in
inhibition of transport. The results are consistent with the current recruitment hypothesis of insulin
activation of sugar transport and indicate that a considerable reserve of intracellular glucose carriers exists
within fat cells.

Introduction Phenylarsine oxide (PhAsO), an agent which

reacts with vicinal disulphide groups to form sta-

Sulphydryl groups have structural and func-
tional importance both in the insulin receptor
[1-4] and the D-glucose transporter [5-7]. Further-
more, it has been proposed that thiol /disulphide
groups on the cell surface and those immediately
inside the cell membrane may be critical in the
mediation of insulin action {8}

Abbreviation: PhAsO, phenylarsine oxide.
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ble cyclic complexes [9] and is known to be a
potent inhibitor of protein internalization: [10] has
been found to inhibit hexose transport in both
3T3-L1 cultured adipocytes [11,12] and isolated
rat adipocytes [13-15}. However, despite the fact
that PhAsO is capable of reacting with sulphydryl
groups, 100 pM PhAsQ, a concentration 10-times
higher than that thought to effectively inhibit all
protein incorporation [10], did not affect the cellu-
lar ATP content in alveolar macrophages [16] and
human astrocytoma cells {17), while only a smali
(10%) decrease in cellular ATP was observed in
3T3-L1 adipocytes using 18 pM PhAsO [11].
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Previously, we observed that the effects of
PhAsO on D-glucose and 2-deoxyglucose uptake
in rat adipocytes were analogous and that the
arsenical did not affect hexokinase action [15].
Hence, the effect of PhAsO seems unlikely to be
explained on the basis of inhibition of energy
metabolism. Indeed, it has been suggested that the
plasma membrane which is exposed first to the
highest concentration of the arsenical is probably
the main site of its action [10].

The realization that hexose transport inhibition
by PhAsO can in part be reversed by bifunctional
sulphydryl reducing agents but not monofunc-
tional sulphydryl agents [11,13], indicating that
vicinal salphydryl groups are critical in the hexose
transport process. Although PhAsO acts rapidly
(within seconds) to prevent insulin-stimulation of
transport, this compound does not inhibit insulin
binding to its receptor at concentrations where
significant inhibition of hexose transport occurs
[18,15]. Additionally, PhAsO does not impair in-
sulin-induced autophosphorylation of the receptor
J-subunit, but appears to induce accumaulation of
a phosphorylated 15 kDa cytosolic protein. Bernier
et al. [12] have suggested that accumulation of this
protein by PhAsO may account for hexose uptake
inhibition in 3T3-L1 adipocytes.

Although PhAsO did not inhibit basal trans-
port activity in 3T3-L1 adipocytes, our previous
studies demonstrated PhAsO-induced inhibition
of sugar transport in basal state isolated rat
adipocytes [13-15] and indicated thut PhAsO may
be acting directly on the hexose carrier to impair
its function. We attempt here io characterise fur-
ther this inhibitory effect of PhAsO on glucose
uptake and demonstrate that PhAsO inhibits cyto-
chalasin B binding to isolated rat adipocyte piasma
membranes in a concentration-dependent fashion
which closely parallels the dose-response inhibi-
tion of sugar transport.

Materials and Methods

Materials. Labelled L-{U-"*Clglucose and [4(n)-
*H] cytachalasin B were obtained from Amers-
ham International (Amersham, Buckinghamshire,
UK.)); L-[1-*HJglucose was obtained from New
England Nuclear (Dreieich, F.R.G.). Bovine in-
sulin, Hepes, PhAsO and cytochalasin B were
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obtained from Sigma (Poole, Dorset, U.K.). Crude
bacterial collagenase (batch nos. 14443357 and
1204458) was obtained from Boehringer (Lewes,
East Sussex, U.K.). Fatty acid-free bovine serum
albumin (fraction V) was obtained from both
Sigma and Boehringer. All other chemicals were
obtained from B.D.H. Chemicals (Poole, U.K.)
and were of analytical grade.

Preparation of adipocytes. Adipocytes were pre-
pared by collagenase digestion of epididymal and
perirenal fat pads as described by Rodbell [19].
All steps were carried out at 37°C and plastic
vessels were used throughout. Routinely, 3 or 4
male Sprague-Dawley rats of approx. 150-180 g
were used. The fat was exciced, chopped with
scissors and put into a freshly made Krebs-
Henseleit buffer (pH 7.4) (120 mM NaCl/4.8 mM
KCi/1.2 mM KH,PO,/1.2 mM MgSO,/24 mM
NaHCO,/2.5 mM CaCl,) which contained 1%
bovine serum albumin and glucose (2 mM) [20].

D-Glucose uptake measurements. Stereospecific
carrier-mediated uptake of D-glucose was taken to
be the difference in the amounts of p- and L-glu-
cose taken up by adipocytes as previously de-
scribed [15]. AL assays were performed in Ep-
pendorf tubes preincubated at 37°C. Adipocytes
were maint-ir *3 throughout all incubations and
assays at the required temperature. In experiments
using PhAsO inhibitor, the stock PhAsO solution
(1 mM) contained 1.7% (v/v) ethanol.

Adipocytes were separated from the medium by
an oil-flotaiion technique as described by Glie-
mann et al. [21]. Dinonyl phthalate (0.3 ml) was
layered over the stopping buffer and the tube was
centrifuged in an Eppendorf microfuge (12000 x
g) for 40 s. Radioactivity was determined using a
Beckman LS9800 liquid scintillation counter.

Preparation of plasma membranes. The method
employed was a modification of that used by
Simpson et al. [22]. Adipocytes were prepared
from 20-25 male Sprague-Dawley rats (200-250
g) as described above. The adipocytes were di-
vided equally into two portions and one of these
was stimulated with insulin (100 nM for 20 min at
37°C). The cells from both basal and insulin-
stimulated states were then subjected to the fol-
lowing steps. Adipocytes were washed twice with
homogenizing buffer’ at 17°C (16 mM
Hepes/NaOH; 2 mM EDTA; 250 mM sucrose
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(pH 7.4)), resuspended in approx. 20 ml of this
same buffer and homogenized at room tempera-
ture in a glass homogenzing tube fitted with a
Teflon pestle (seven strokes). The homogenate was
cooled on ice and all subsequent operations car-
ried out at 4°C. Homogenization buffer was used
throughout the preparation.

The original homogenate was spun at 16000 X
Zmax fOr 15 min using a Beckman J2-21 centrifuge.
The solid fat cake and supernatant were carefully
removed. The initial pellet was resuspended in 5
mi of buffer, applied to a 1.12 M sucrose cushion
(20 mM Tris-HCi/1.12 M sucrose/1 .nM EDTA)
and cenirifuged at 101000 X g, for 70 min using
a Prepspin 65 ultracentrifuge. The plasma mem-
branes were collected at the interface and resus-
pended in approx. 35 ml of buffer and centrifuged
at 48000 X g, for 45 min. The pellet was resus-
pended in 10 ml buffer, repelleted, and finally
resuspended to approx. 0.5 mg protein/ml. The
membranes were stored as follows: 100 p1 aliquots
from the suspension were pipetted into separate
Eppendorf tubes and each vial was flushed with a
stream of nitrogen. Samples were stored at
—20°C. Once thawed, the samples were not re-
used.

This method yielded membranes with an ap-
prox. 3-fold higher 5’-nucleotidase activity than
the microsomal membranes, as determined by the
liberation of inorganic phosphate from adenosine
5’-monophosphate [23].

Cytochalasin B binding. Portions (70 pi) of the
plasma membrane suspensions prepared from
either basal or insulin-stimulated adipocytes were
incubated in glass centrifuge tubes containing 25
pM cytochalasin B and [*H]eytochalasin B to give
a final radioactivity of 0.03125 uCi/ml, for 10
min at 4°C in the presence of 500 mM L-glucose
[24] and 0-27 pM PhAsO. [U-*C]Sucrose was
added to aid in determining trapped, unbound
[*H]cytochalasin B in the membrane pellets ob-
tained during the binding assay.

Buffer solution (Hepes, pH 7.4) was added to
adjust the volume to 1 ml; after equilibration, the
tubes were centrifuged for 20 min at 12000 rpm in
a Beckman Model J2-21 centrifuge, and then 50 pl
aliquots of the supernatant were removed for mea-
surement of the free [*Hjcytochalasin concentra-
tion. The remaining supernatant was aspirated

and discarded; the pellet was dissolved in LKB
Optiphase Safe scintillation fluid (10 pl) and
transferred to a 5 ul polyethylene scintillation vial
together with washings to remove any remaining
radioactivity and the [*H]cytochalasin concentra-
tion was counted to give the cytochalasin bound.

Protein concentration and cell counts. The pro-
tein content of the adipocytes washed free of
bovine serum albumin and sonicated was de-
termined by Coomassie blue dye binding as de-
scribed by Bradford [25] using a bovine serum
albumin standard. The adipocytes were also
counted using a Coulter counter model Zy with a
100 pm orifice.

Results

The inhibitory eifect of PhAsO (10 pM) on
basal and insulin-stimulated D-glucose transport is
shown in Fig. 1. Concentrations of 5 and 10 pM
PhAsO completely inhibited insulin stimulation of
p-glucose uptake. Furthermore, at these PhAsO
concentrations, uptake fell below that of the basal
state, thus demonstrating basal state inhibition.
Since PhAsQ acts covalently, it is not surprising
that, whether PhAsO is added prior to or after
insulin treatment, the extent of inhibition is com-
parable. Although PhAsO (10 pM) caused sub-
stantial inhibition, glucose transport remained
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Fig. 1. The effect of PhAsO on stereospecific D-glucose uptake
in insulin-stimulated rat adipocytes at 37°C. Rat adipocytes
were treated with insulin (100 nM) (@), insulin plus 5 gM
PhAsO (a) and insulin plus 10 uM PhAsO (a). D-Glucose
uptake in 60 s was measured after the indicated times of
incubation. D-Glucose uptake by basal state cells is also shown
(©). The cell concentration was approx. 3-107 cells/ml and the
points are the means+ S.E. of three independent experiments.
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Fig. 2. Time-course for the effect of PhAsO on stereospecific

p-glucose uptake by rat adipocytes at 37°C. p- () and L- (O

glucese uptake after incubation with insulin (50 nM) plus

PhAsO (10 pM) for 20 min. @, Stereospecific D-glucose uptake
(Diotat ~ Lyotat)-

stereospecific (Fig. 2), indicating that membrane
integrity was not a factor in iransport inhibition.

Although high concentrations of PhAsO (10
M) permanently inhibit D-glucose uptake, at rel-
atively low concentrations (1 pM), the initial rapid
inhibition occurring afier 2 min is followed by a
slow time-dependent recovery of transport, such
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Fig. 3. The effect of PhAsO on stereospecific D-glucose uptake
by insulin-stimulated rat adipocytes at 37 ° C. Adipocytes were
treated with insulin (100 nM for 20 min) and p-glucose uptake
(in 60 s) was measured. Insulin-stimulated cells were then
treated with PhAsO (1 ¢ M) and D-glucose uptake (in 60 s) was
monitored over 20 min. After this time, PhAsO (1 pM) was
again added and p-glucose uptake (in 60 s) was measured over
a further 16 min,
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Fig. 4. The effect of PhAsO on the binding of cytochalasiz B to

adipocyte plasma membranes isolated from insulin-stimulated

cells. O, cytochalasin B hinding in the absence of PhAsO; @,

cytochalasin B binding in the presence of 10 pM PhAsO; O,

PhAsO-inhibitable cytochalasin B binding. The points are the
means + S.E. of three independent experiments.

that after 20 min, approx. 90% of the original
transport activity is recovered (Fig. 3). The per-
centage recovery in five independent experiments
after treatment of cells with 1 pM PhAsO was
86 + 9%. Once recovered, the adipocytes are again
susceptible to transport inhibition and recovery
upon further treatment with 1 pM PhAsO (Fig. 3).

Cytochalasin B, a potent inhibitor of carrier
mediated D-glucose transport, binds to the inner
face of the hexose carrier and in so doing alters
the carrier conformation, such that the transport
sites are all recruited to the intraceflular surface
[26]. Fig. 4 shows the effect of 10 pM PhAsO on

TABLE |

COMPARISON OF THE EFFECTS OF PhAsO AND CY-
TOCHALASIN B ON STEREOSPECIFIC - CARRIER-
MEDIATED D-GLUCOSE UPTAKE IN RAT ADIPO-
CYTES AT 37°C

Results are means + 8.D. of quadruplicate determination.

Inhibitor Inhibition of stereospecific
D-glucose uptake (in 120 s) (%)
basal insulin

Cytochalasin B (25 pM) 96.3+£0.6 99.0 +0.25

PhAsO (10 pM) 70.5+3.5 87.334+6.5
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Fig. 5. (a) The effect of PhAsO concentration on the binding of
cytochalasin B to adipocyte plasma membranes isolated from
basal state () and insulin-stimulated (@) cells. The dashed line
was obtained as described in the text and represents the effect
of phenylarsine oxide on specific cytochalasin B binding. (b)
The effect of PhAsO concentration on the stereospecific uptake
of p-glucose (in 60 s) by insulin-stimulated rat adipocytes at
37°C.

the concentration dependence of cytochalasin B
binding to plasma membranes prepared from in-
sulin-stimulated rat adipocytes aad Fig. 5a com-
pares the effect of PhAsO concentration on cyto-
chalasin B binding to plasma membranes from
basal and insulin-stimulated cells. Whereas PhAsO
causes only a small inhibition of cytochalasin B
binding to basal state plasma membranes, there is
a dramatic inhibition of cytochalasin B binding to
plasma membranes prepared from insulin-stimu-
lated cells in a manner which bears resemblence to
the concentration dependence of the inhibition of
insulin-stimulated hexose uptake by PhAsO in
intact cells (Fig. 5b).

Table I compares the inhibitory effect of cyto-
chalasin B (25 pM) and PhAsO (10 pM) on p-glu-
cose transport and demonstrates that PhAsO in-
hibits both basal and insulin-stimulated p-glucose

uptake to comparable extents. There is only a
small probability (0.17) that PhAsO inhibits in-
sulin-stimulated cells more than basal state cells
(2-test).

Discussion

In recent years, a number of major advances
have been made in understanding the mechanism
of insulin activation of the glucose transport sys-
tem. The realization that insulin can recruit in-
tracellular hexose carriers [27-29] and the elucida-
tion of the amino-acid sequence of both the in-
sulin receptor {2,3] and the D-glucose transporter
[5] are significant contributions to the understand-
ing of insulin action. However, many aspects of
insulin enhancement of sugar transport remain
unsolved and no suitable mediator for this process
has been identified,

There are a number of similarities between our
observations [13-15] and those of others [11,12]
on the action of PhAsQ. These include the ability
of PhAsO to inhibit insulin-stimulated hexose up-
take, the partial reversibility of PhAsQ’s action
with dithiols and the inability of PhAsO to impair
insulin binding to its receptor at concentrations
where effective inhibition of sugar transport oc-
curred.

However, two fundamental differences were
observed. Firstly, the inhibition of basal uptake by
PhAsO in isolated rat adipocytes was observed by
us and was not observed in 3T3-L1 adipocytes
[11]. Secondly, whereas we reported a rapid marked
decrease in glucose transport apparent within 1
min of addition of PhAsO (1-10 pM) to
insulin-stimulated rat adipocytes, Frost and Lane
{11] observed a slow time-dependent decrease in
transport activity, which seemed to paralle] the
withdrawal of insulin from the medium. The rea-
sons for these differences are presently unclear,
but could be due to tissue specificity.

Phosphorylation of the insulin receptor 8-sub-
unit is believed to play a critical role in signal
transduction [30,31). Recently, Bernier et al. [12]
showed that PhAsO does not inhibit insulin-in-
duced receptor phosphorylation, but evidently, the
arsenical allows the accumulation of a phos-
phorylated 15 kDa protein only in the presence of
insulin, thus implying a possible role for this pro-



tein in insulin receptor signalling. Inhibition of
insulin-stimulation of serine-specific phosphoryla-
tion of two endogenous phosphoproteins (24 and
240 kDa) by PhAsO has also been found [32].
However, Figs. 4 and 5a show thai PhAsO is
capable of significantly inhibiting cytochalasin B
binding to insulin-stimulated plasma membranes.
Wardzala et al. [24] have shown that non-specific
binding of cytochalasin B to both basal and in-
sulin-stimulated membranes are identical: hence,
subtraction of the curve for cytochalasin B bind-
ing to plasma membranes from basal state cells
from that for plasma membranes from insulin-
stimulated cells gives a curve (Fig. 5a) which shows
PhAsO inhibition of specific cytochalasin B bind-
ing to insulin-stimulated membranes. Interest-
ingly, the concentration dependence of PhAsQ-in-
duced inhibition of specific cytochalasin B bind-
ing bears a striking resemblence to the inhibition
of D-glucose transport in insulin-stimulated cells
(Fig. 5b) and strongly suggests that the inhibition
of hexose uptake is due largely to the direct inter-
action of PhAsO with the sugar transporter.
PhAsO may either interact with the transporter at
the cytochalasin B binding site or it may interact
with vicinal sulphydryl groups on the carrier to
such an extent as to alter its conformational struc-
ture, thereby preventing cytochalasin B binding. It
might also be postulated that the insulin-recruited
transporters are more sensitive to PhAsO inhibi-
tion of cytochalasin B binding than basal state
transporters, although further studies using non-
specific cytochalasin B binding inhibitors would
be required to test this postulate.

Should the focus of PhAsO inhibition of glu-
cose uptake be through direct interaction with the
transporters then one would anticipate that even
in the basal state, where only a small proportion
of the carriers are membrane-bound, this agent
should exert some degree of transport inhibition.
The ability of PhAsO to inhibit stereospecific D-
glucose uptake in both the basal and insulin-
stimulated states is shown in Table I and supports
the proposal that some direct interaction between
the arsenical and the transporters occurs. PhAsO,
though a potent inhibitor of hexose uptake, ap-
pears to be less efficient than cytochalasin B.

In our previous studies [15], we demonstrated
that when the concentration of PhAsO was suffi-
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ciently low (i.e. 1 pM), transport inhibition of the
insulin-stimulated state was transient and trans-
port activity was almost totally restored after 20
min. Since PhAsO binds covalently to inhibit pro-
tein internalization, we speculated then that if
PhAsO directly inl.inited the transporter function,
then the subsequent transport recovery observed
must be due to recruitment of cytoplasmic trans-
porters in response to insulin-initiated signal
transduction.

Fig. 3 demonstrates that once the transport
activity has recovered from the initial interaction
with PhAsO (1 pM), it can again undergo further
rapid inhibition (within 2 min) and recovery. Such
an effect is consistent with a direct inhibition of
hexose transport by PhAsO. Recently, there has
been conflicting reports as to whether recruitment
of intracellular transporters is in fact responsible
for enhancement of hexose transport. Whitesell
and Abumrad [33] suggested that the principle
effect of insulin on adipocytes was an approx.
9-fold decrease in the K, of the glucose trans-
porter, while Martz et al. [34] have opposed this
view. If, as the data suggest, PhAsO interacts
directly with and inhibits transporter function,
then the observaiion that fat cells can undergo
successive transient transport inhibition by PhAsO
(1 pM) is not only consistent with the recruitment
hypothesis but also further demonstrates the ex-
istence of a large reserve of transport aciivity
present within adipocytes.

In conclusion, it would appear that at least in
this cell type, transport inhibition by PhAsO is in
part due to the interaction between PhAsO and
the D-glucose transporters, but still does not pre-
clude the possibility that PhAsO might also act in
some way to interupt signal transmission from the
insulin receptor. Insulin exhibits a wide range of
biological responses, and PhAsO could clearly af-
fect other systems as well as the hexose trans-
porters.
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