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SUMMA R-i-

Phlorizin (10 m�i) inhibited glucose-stimulated insulin release from microdissected pan-

creatic islets of obese-hyperglycemic mice. In the absence of glucose, phiorizin (5-15 ni�t)

as well as phloretin (10 mist) stimulated insulin release. These stimulator�- effects were in-
hibited by mannoheptulosc, suggesting that phlorizin and phloretin were sensed by the

system ishich recognizes glucose as an insulin secretagogue. Hois-ever, the mechanism semi�i-
tive to phlorizin does not seem to possess the full competence of the glucose-recognizing
system, since phiorizin did not potentiate the insulin-releasing actions of arginine or theo-
phylline. Leucine, but not pyruvate or succinate, enhanced the stimulatory effect of Phlori-
zin. Radioactive phlorizin rapidly accumulated in amounts far exceeding the urea space of

the islets. This uptake is-as concentration-dependent up into the millimolar concent ration

range. It is-as not significantly influenced by glucose. Antimycin A, p-chloromercuriphenyl-

sulfonic acid, and chlorpromazine, ishich increase the uptake of extrace,llular space markers,
stimulated the uptake of phiorizin in is-hole islets but not in islet homogenates. It is suggested

that phlorizin binds predominantly to the plasma membranes of intact $-cells. Although the
binding may not be specific for glucose sites, reaction is-ith such a site could be responsible

for the phiorizin-induced insulin release.

INTRODUCTION

Phlorizin has several interesting effects on
the pancreatic a-cells. At a concentration of
1 mis it strongly inhibits glucose transport
but has no effect on insulm release ( 1 ) . A
10-fold higher concentration of phlorizin in-
hibits glucose-stimulated insulin release but
stimulates insulin release in the absence of
glucose (1). These observations raise funda-

mental questions as to the site and nature of
the recognition system ishicls enables �3-cells
to sense glucose as an insulin secretagogue.

Taken together, the ability of phlorizin to

This work was supported by Grants 12x-562
and 12x-2288 from the Swedish Medical Research

Council.

759

stimulate insulin release, its ability to jilter-
act with glucose-sensing systems, and its

poor ability to I)elietrate epithelial cells (2)
suggest that insulin release may be triggered
at the $-cell plasma membrane. Although

this chain of arguments is loose, its validity

deserves experimental testing because little
is known about the mechanisms of glucose-

stimulated insulin release. On the one hand
there are data suggesting that- glucose stimu-
lates insulin release through its metabolism

(3-9). On the other, some authors feel that
insulin release can be stimulated by glucose

analogues which are not, or only poorly,

metabolized (10, 11). The relevance of Phlor-

izin-induced insulin release to this problem

depends primarily on whether or not phlori-
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A 1, inials aiui isolation of islets. Adult- obese-

zin utilizes the physiological recognition sys-

tern. It is also important to know whether
phiorizin can readily penetrate a-cells or is
essentially confined to the out-side of the

l)lasflia membrane. With these questions in
min(l is-c have investigated hois the insulin

secretory responses to phlorizin and its aglu-

cotie analogue, phloretin, may be modified by
some compounds is-inch are knois-n to affect

glucose-stimulated insulin release. In addi-
tioii, the uptake of radioactively labeled
phlorizin by isolated islets was studied.

Islets containing more than 90 % f3-cells were

obtained by freehand microdissection of the
pancreatic glands from obese-hyperglycemic
mice.

MATERIALS AND METHODS

(‘/�eiii icals. Nonradioact-ive phlorizin is-as
obtained from Fluka AG, Buchs, Switzer-
land, and phioretin is-as purchased from
Pfaltz and Bauer, Neis York. The purity of

th(’se Preparations with regard to free D-glu-
cose � determined by gas chromatography.
IThlorizin is-as found to contain 0.1 % (w�w)
D-glucose, whereas no D-glucose is-as detected
in the phloret-in preparation. In some experi-
ments the phlorizin is-as used after treatment

is-ith activated charcoal and recrystallization
from hot isater. There were no detectable
differences between results obtained with the

commercial and the recrystallized phlorizin.
I3H]Phloriziii �vas prepared by Farbiscrke
Hoechst AG, 1”rankfurt am Main, Germany.
F ‘25I]Insulin was purchased from Farbwcrke

Hoechst AG arid from the Radiochcmical
Cent re, Amersham, England. The Radio-

chemical Centre also supplied [‘4C]urea,
[U-’4C]sucrose, 3-O-mcthyl-n-[U-’4Cjglucose,
[6 , 6’-3H]sucrosc, and insulin antibodies. Non-
radioactive D-glucose, sucrose, pyruvate, and

succinate is-crc obtained from British Drug
Houses, Ltd., and 3-O-methyl-D-glucose
urea , L-leucme, L-argiliine, D-malmoheptu-

lose, theophylline, antimycin A, and p-chlo-
romercuriphenylsulfonic acid, from Sigma

Chemical Company. Clilorpromazine chlo-

ride is-as a gift from AB Leo, Helsingborg.
Crystalline mouse insulin was prepared by
Novo A/S, Copenhagen, arid human serum

albumin is-as obtained from AB Kabi, Stock-
holni.

hyperglycemic mice (gene symbol, obob) of

either sex were taken from a local colony
(12). Unless otherwise stated, the animals
were fasted overnight before being killed.

With the excised pancreas suspended
in Krebs-Ringer-bicarbonate buffer equili-

brated with 02-CO2 (95 : 5), fresh islets is-crc

isolated by freehand microdissection (13).
When the subsequent incubations were per-
formed in the presence of serum albumin, the

dissection medium also contained albumin at
a concentration of 0.3-0.5 %.

General aspects of incubaticms. Krebs-.

Ringer-bicarbonate buffer equilibrated with
02-CO2 (95 : 5) was used as the basal medium
in all experiments. Unless otherwise stated,
the media contained 0.3-0.5 % human serum

albumin. The presence of various test sub-

stances is specified in the legends to the
figures and tables. All experiments were
started by preliminary incubation of the

islets at 37#{176}for 30-70 miii. This temperature

was also used in all further incubations cx-

cept is-hen studying the uptake of 3-0-
methyl-D-glucose, which is-as done at- 8#{176}.

Insulin release. The techniques for measur-

ing insulin release have been dealt with in
detail elseis-here (14). After prelimmary in-

cubation, either the islets is-crc incubated in
1 15 �l of medium for 5 mm (early phase)

followed by incubation in 315 ,�l of medium
for 60 mm (late phase), or they were merely

incubated in 315 �tl of medium for 60 ruin.
Samples of insulin is-crc taken at the end of
each incubation period and is-crc assayed
radioimmunologically. Ethanol was used to

separate free and antibody-bound insulin

( 15). Crystalline mouse insulin is-as used as a
reference. It is-as ascertained that phiorizin

did not interfere with the insulin assay (Fig.
1).

Uptake of 3-0-niethyl-D-glucose. We used
the kind of double-label procedure that was
previously employed in studies on D-glucose
transport in pancreatic islets (1, 16). Batches

of three islets is-crc incubated at 8#{176}for 3 mm
in media containing 2.0 mu 3-0-methyl-D-

[U-’4C]glucose (5.0 mCi�mmole) and 0.1

m�r [6 , 6’-3H]sucrose (150 mCi/mmole). The

islets is-crc then freeze-dried, iseighed, and

analyzed for ‘4C and 3H. The uptake of
3-0-methyl-D-glucose in excess of the sucrose
space is-as taken as an indication of transport
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FIG. 1. Mouse insulin standard curve

Crystalline mouse insulin was dissolved in 0.1 M

phosphate buffer (p11 7.4) containing (Lx) or

lacking (S) 10 mM phiorizin. After incubation at

37#{176}for 15 mm, samples were taken for radioim-

munological assay. The points show the antibody-

bound radioactivity as a function of mouse insulin

concentration.

across the $-cell membrane, since sucrose is
an extracellular space marker in the present

kind of islets (16, 17).
ii ptake of plilorizin . Batches of three islets

were incubated in media containing [3H]-

plilorizui and either [U-’4Cjsucrose or [‘4CJ-
urea. Urea- is assumed to be distributed in
the total tissue water of pancreatic islets
( 17). The concentration of radioactive com-

pounds and other test substances as is-eli as
the incubation time are indicated in the

legends to the figures and tables. After
freeze-drying and iseighing, the islets is-crc

analyzed for 3H and 14C. Results are cx-

I)ressed a-s the islet uptake of phlorizin in
excess of the sucrose or urea spaces.

Experiments is-crc also performed to study

the uptake of phlorizin by subcellular islet

particles. In one type of experiment 25-30
islets is-crc homogenized in 75 �l of basal
medium, using a microscale pestle homoge-
iiizer. After centrifugation at about 400 X g
for 10 mm, 10-,�l samples of the supernatant

fraction is-crc assayed for protein (18) or is-crc

incubated for 90 mm wit-h 90 jtl of medium
containing [3H]phlorizin, [‘4C]urea, and test
substances as indicated in the legend to
Table 4. The mixtures of homogenate and

medium is-crc then filtered on membrane

filters with a pore size of 0.5 � (Oxoid, Ltd.,
England). After drying, the filters is-crc aria-
lyzed for 3H and ‘4C, and the uptake of
phlorizin in excess of the urea space is-as

calculated per unit of protein of the incu-
bated homogenate.

T-l’Teiq/iin-#{231}jof islets aiul counting of radio-

activity. Incubated islets is-crc placed on

pieces of aluminum foil, and with the aid of
a micropipette they is-crc freed of as much

contaminatmg fluid as possible. This proce-

dure is-as standardized to take only a few
seconds, after which the islets were plunged
into isopentane cooled to its melting point.
The islets is-crc then freeze-dried ( -40#{176},

0.001 mm Hg) overnight and were weighed
on a quartz fiber balance. The is-eighed islets
were dissolved by incubation for 45 mm at
rOOflS temperature in 100 .il of Hyamine. Ten
milliliters of scintillation liquid (5 g of 2,5-
diphenyloxazole and 50 mg of 1 ,4-bis[5-

phenvloxazol-2-yl]benzene in 1 lit-er of tolu-

enc) were added, and the radioactivity is-as
counted in a liquid scintillation spectrom-

eter. The same scintillation liquid is-as used
ishen counting the radioactivity of subccllu-
lar particles. Particles attached to Oxoid

filters were counted after dissolution in
Hyamine as above. The setting of the dis-

criminators is-as such that 25 % of the counts
in the ‘�C channel were also counted in the
3H channel. Spillover of �H counts to the
‘4C channel isas less than 1 %. After cor-

rection for spillover and blanks, the ob-

served counts per minute is-crc translated
into millimoles by comparison is-ith external
standards. These standards consisted of

5-al samples of medium counted in parallel

is-ith the samples.

RESULTS

Effects of Phlorizin and P/iloretin on Insviin

Release

Dose-response relationships. Figure 2 shows

the effects of different concentrations of
phlorizin on insulin release in the absence of
glucose. A dose-dependent stimulation was



LU
-I
U,

>-

0

a)

ck�
LU
ci-

0
LU
�1)

LU

LU

z
-J

U,

z

1.0

0.5

0-

1-

0

S

20 30 ‘.0

GLUCOSE COSCESTRATION m54

FIG. 3. Effect of phlorizin on glucose-stimulated

762 HELLMAN ET AL.

0 5 10 15

PHLORIZIN CONCN.(mM)

FIG. 2. Effect of phiorizin on insulin release in

the absence of glucose

Islets from fed mice were incubated in basal
medium supplemented with different concentra-

tions of phlorizin. The points show the amounts

of insulin released during the first 5 mm (0) and
subsequent 60 mm (#{149})of incubation. Mean

values :f: standard errors for seven different

experiments are given.

observed up to 15 m�i phlorizin during both
the early and late phases of incubation.
Higher concentrations of phlorizin could not

be tested because of its limited solubility at
37#{176}.No significant effect is-as obtained with

1 mM phlorizin.
The inhibitory action of 10 m�r phlorizin

on insulin release at various glucose concen-
trations is shois-n in Fig. 3. The data are
compatible wit-h a noncompetitive mecha-

nism of inhibition : the effect of phlorizin is-as
not overcome by a glucose concentration as
high as 40 m�s.

Table 1 summarizes some experiments

is-ith phloretin, the aglucone analogue of

phlorizin. In contrast to phlorizin, phloretin

did not significantly inhibit glucose-stimu-
lated insulin release. Hois-ever, is-hen tested
in the absence of glucose, 10 m�i phioretin
stimulated insulin release.

Effects of metabolic substrates on plilorizin-

stimulated insulin release. It is theoretically

possible that glucose stimulates insulin re-

lease by a twofold mechanism involving both
a direct receptor and intermediary metabo-
lism (19). It was therefore of interest to
determine whether the stimulat-ory effect of
phlorizin could be enhanced by metabo-
lizable substrates. As shoisn in Table 2,
neither pyruvat-e nor succinate had any ef-

feet on phlorizin-stimulated insulin release.
There wus, hoisevcr, a greater secretory re-
sponsc to 10 mM phlorizin in the presence of

10 mM leucine than to 10 m�i phlorizin alone.
This effect is-as significantly larger than the

sum of effects caused by phlorizin and leu-
cine.

Effect of inannoheptulose on insulin release

in response to phlor-izjn or phloretin-. In the

construction of hypotheses about the molec-
ular mechanisms of glucose-stimulated insu-
lin release, the inhibitory effect of manno-
heptulose stands out as a key observation
(4-fl, 20, 21). Since mannoheptulose does not
inhibit the insulin-releasing action of leucine

(22), it probably acts on the glucose-recog-
nizing system. The possibility that this sys-
tem is sensitive to phlorizin and phloretin

insulin release

Islets from fed mice were incubated for con-

secutive periods of 5 and 60 mm in basal medium

supplemented with different concent rations of
glucose. Test media also contained 10 mM phiori-
zin (S), whereas control incubations were per-

formed in the absence of phiorizin (0). Amounts

of insulin released during the 60-mm period are

presented as mean values ± standard errors for six

different experiments. Similar inhibition by

phiorizin was apparent also during the initial 5

miii, although the differences from controls were

not statistically significant.
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TABLE 1

Effect of phloretin on insulin release

After preliminary incubation iii basal medium,

incubations were carried out in the presence of

phloretin and glucose at the concentrations listed.

Values represent amounts of insulin released dur-

ing the initial 5 mm (early phase) and subsequent
60 miii (late phase) of incubation. 1%-lean values ±

standard errors are given for the numbers of cx-

periments i ndicated wi thin parentheses.

Phase � Phloretin Insulin released

0 mM glucose � 10 m� glucose

mM ng/i.Lg dry islet

Early 0 0.18 ± 0.03 � 0.82 ± 0.17

(6) -� (6)

1 0.77 ± 0.09

(6)

5 0.65 ± 0.14

(5)
10 0.30 ± 0.08 0.83 ± 0.18

(6) (6)

Late 0 0.63 ± 0.22 8.67 ± 1.05

I � (6) (6)

1 8.73 ± 0.72

(6)

5 8.15 ± 2.31

(5)

10 1.19 ± 0.26#{176}7.72 ± 1.67

(6) (6)

a p < 0.025.

is-ould be strengthened if mannoheptulose

isere found to inhibit insulin release in re-
sponse to these substances. Table 2 shows
that this is the case. Mannoheptulose at a

concentration of 10 msi significantly in-
hibited the stimulatory effects of 10 mis
phiorizin or 10 m�i phJoretin.

Effects of arginine and titeophylline Ofl

pitlorizin-induced insidin release. In the kind

of islets used, 10 mis arginine has no effect
on insulin release in a medium containing
3 m�r glucose (23) . However, in the presence
of 10 mis glucose, graded secretory responses
are obtained with 5-20 mis arginine (23).
Similarly, stimulation of insulin release by

theophylline (24) or caffeine (21) has been
found to depend on the glucose concentration

in the medium. That glucose potentiates the

stimulatory action of theophylline on our
islets is shoisn in Table 2. As is also shoisn in
Table 2, phlorizin could not replace glucose
in the role of potentiator of insulin release in
response to arginine or theophylline.

Effect of Phloretin on Glucose Transport

It was previously shown that phiorizin
inhibits glucose transport in the pancreatic

/3-cells (1, 16). One series of experiments was
performed to test whether phlorctin has a

similar effect. Islets is-crc incubated at 8#{176}in
basal medium containing 2 m�i 3-0-methyl-
D-[U-’4C]glucose (5.0 mCi/mmole), 0.1 mis

[6 , 6’-3H]sucrose (150 mCi/mmole), and 10

mis phloretin. Control islets is-crc incubated

without phloretin in the medium. After 3
mm of incubation the uptake of 3-0-methyl-
D-glucose in excess of the sucrose space was
2.12 ± 0.25 mmoles/kg (dry is-eight) of

control islets (mean ± standard error for
five experiments) . The corresponding figures

for islets incubated with 10 m� phioretin
iscrc 0.61 ± 0.17 mmolc/kg (dry weight)
(n = 5), ishich means significant (p < 0.01)
inhibition of 3-0-methyl-D-glucose uptake.

Since 3-0-methyl-D-glucose utilizes the D-

glucose transport system in the a-cells,’ the
results indicate that phloretin is an inhibitor
of this system.

Uptake of Phlorizin by Islets

Time course of phiorizin uptake and release.

Figure 4 shoiss the islet uptake of phlorizin

with time. Phlorizin was taken up in con-
siderable excess of the sucrose and urea
spaces. The uptake did not increase signifi-
cantly after 7 mm, the shortest period of
incubation tested. This means that phiorizin

isas equilibrated much more rapidly than

any of the smaller organic molecules which
have previously been found to be concen-
trated in the islet cells (17, 25, 26).

Effect of glucose on phiorizin uptake.

Binding of radioactive phlorizin has been

fruitfully employed as a tool in the analysis

of glucose receptors in the kidney (27, 28).

Clear-cut effects of glucose on phlorizin

binding are an obvious condition for such an
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TABLE 2

Effects of various compounds on insulin release in response to phioretin or phiorizin-

After preliminary incubation in basal medium, islets were incubated for 60 mm in media supple-

mented with phloretin or phiorizin as well as test substances as indicated. The amounts of insulin re-
leased are given as mean values ± standard errors for the numbers of experiments stated within pa-

rentheses. In each experiment parallel control and test incubations were performed with islet-s from a

single animal. The statistical significances of effects were judged from the mean differences between
parallel test and control incubations over a series of repeated experiments.

Test substance Insulin released

0 mM phlorizin or phloretin 10 m� phlo rizin or phloretin

ng/i.cg dry islet

Experiments with phlorctin

None 0.19 ± 0.06 (8) 1.16 ± 0.27” (8)

I’sIaiinoheptulose, 10 mis 0.25 ± 0.10 (8) 0.69 ± 0.17� (8)

Experiments with phiorizin

Experimental series I
None 0.61 ± 0.12 (10) 1.23 ± 0.37’� (10)

L-LeUcine, 10 mM 1.93 ± 0.36 (10) 3.51 ± 0.57� (9)

Pyruvate, 20 mst 0.80 ± 0.21 (10) 1.38 ± 0.43 (9)

Succinate, 20 mM 0.60 ± 0.14 (10) 1.38 ± 0.22 (9)
Experimental series II

None 0.79 ± 0.19 (10) 3.23 ± 0.59e (10)

Arginine, 10 miu 0.67 ± 0.16 (10) 2.38 ± 0.61 (10)

Mannoheptulose, 10 mM 0.87 ± 0.21 (10) 1.84 ± 0.43’ (10)

Experimental series III

None 0.48 ± 0.15 (7) 2.28 ± 0.48’ (7)

Theophylline, 5 ni�i 1.54 ± 0.59 (6) 2.85 ± 0.83 (6)

Check of potentiation : theophylline-

glucose

None 0.19 ± 0.06 (8)

Glucose, 10 mM 2.17 ± 0.53 (8)

Theophylline, 5 m�sI, + glucose, 10 mM 7.80 ± 1.90 (8)

a � < � (10 mM vs. 0 mM phloretin).
b � < 0.02 (effect of mannoheptulose on phloretin-stimulated release).
C p < 0.1 (10 mM phiorizin vs. 0 mM phiorizin).

d In experimental series I the same statistical principle was used for testing the possible interaction

between leucine and phlorizin. Within each of nine experiments the sum of effects caused by phlorizin

and leucine alone was subtracted from the effect produced by both compounds together. The mean ±

standard error of these differences over the whole experimental series was 1.40 ± 0.34 ng of insulin

per microgram of dry islet. This means that interaction between phlorizin and leucine was significant
at p < 0.005.

e p < 0.005 (10 mM vs. 0 mM phlorizin).

I p < 0.02 (effect of mannoheptulose on phlorizin-stimulated release.

9 p < 0.025 (10 mM phlorizin vs. 0 mM phlorizin).

experimental approach. Table 3 shows that
20 n-u�r glucose did not measurably inhibit
the islet uptake of phlorizin. Nor did 20 m�is
glucose have any effect on the loss of radio-

activity from islets loaded with 0.1 mis

radioactive phlorizin. These results do not

rule out the possibility that phlorizin may
interact with glucose-binding sites in the
/3-cells. They suggest, however, that the

uptake of phiorizin in whole islets is not
specific for such sites.

Effects of antimycin A , p-chloroniercuri-
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FIG. 4. Islet uptake of phiorizin with time

Islets were incubated with 0.2 mM [311]phlorizin
(50 mCi/mmole) for different periods of time. The

incubation media also contained either 0.1 m�

[U-’4Cjsucrose (100 mCi/mmole) or 0.5 ruM [‘4C]

urea (20 mCi/mmole). The points denote islet

uptake of phlorizin in excess of the spaces occil-

pied by sucrose (S) or urea (0). Mean values ±

standard errors are presente(l for six or seven (S)

or 10 (0) experiments.

phenylsulfonale, aivi chlorp1-on!azi�le on
phiorizin uptake. Although uptake of phlori-
zin in excess of the urea space (Fig. 4) sug-

gested that phiorizin isas bound to intact
islet cells, it is-as not known whether binding

occurred exclusively on the �3-cell surface or
whether phlorizin entered these cells. An

experimental approach to this problem is-as
suggested by our observation that phlorizin
can bind to several subeellular fractions of

homogenized islets. If phiorizin is normally
restricted to the outside of the f3-cells, in-

creased membrane permeability may re.sult

in a demonstrable enhancement of phlorizin

uptake. We have previously observed that
islets exposed to antimycin A, CMPS,2 or

chiorpromazine have an enlarged sucrose

space, indicative of an increased p(’rme-

2 The abbreviation used is: CMPS, p-chloro-

mercuriphenylsulfonic aci(l.

TAI4I�E �

Effects of glucose on phiorizin uptake and release

Iii uptake studies islets were first- incubated for

30 miii wit Ii 0 or 20 iiiii glu(-ose. Tlie�- were then

iIIC%Il)Rt ed for 6() nii ii wi t h t he san�e (-I)IIcent rat O)IIS

of gliaose ItS well :ts 0.1 nut l311}pliloriziu (50

rnCi,’rnn�o1e) and 0.5 mu 1’4Clurea (20 inCi/
inniole). No albun�iii was l)reseltt in the incubation

media. In studies of l)hlorizin release the islets

were first incubated for 45 nun with radioactive

phiorizus sitl(l urea as above. They �s-ere then inca-

bated for 5 or 15 sum in media lacking phiorizin

and urea 1)1st containing 0 or 10 suit glucose. In

but Ii tYl)eS of experimelits the islet (-(intents of

phlorizin, corrected for label its the urea space, are

given as meats values ± standard errors for the

numbers of experiments stated within paren-

theses.

Measure- � Incuba- � Phlorizin
ment tion time ____________

� � 0 mist glucose � 20 m� glucose

� ,,iifl � ,;i;;zole/kg dr�’ islet

Uptake � (5) � 0 . 20 ± 0. 05 � 0 . :30 ± 0.99

� (8) � (8)

Release � 5 � 0.27 ± 0.03 � 0.23 ± 0.03

� � (9) (9)

15 0.15 ± 0.02 0.15 ± 0.01

� (9) � (9)

ability of the �3-cell plasma membranes’
(29). Orci et al. (30) reported that millimolar
concentrations of chlorpromazine exert a
lyt-ic effect on rat islet cells. Table 4 shows
that antimycin A, C\IPS, and chiorpronia-

zinc markedly increased the islet uptake of

phlorizin. In contrast, none of these com-
pounds had significant effect- on the uptake
of phiorizin by the particles in islet homog-

enates. These results are compatible with the

idea that phiorizin does not- readily enter �-

cells with iiitact plasma membranes.
Concentration. depeiuience of phiorizin up-

take. In spite of the apparently nonspecific
binding of phlorizin to /3-cell membranes, it
was of interest to know if the uptake is

concentration-dependent tip into the milli-
molar range, where the effects on insulin
release are seeIl. Figure 5 shows that this is

the CaSe.

I)ISCUS.SION

The results reported here extend our pre-

vioris ()bServatioli tlittt phiorizin stimulates



Test substance Islets Homogenates

,n;noles/kg dry islet ,nnioles/kg protein

0.18 ± 0.07 (5)

0.72 ± 0.0&’ (5)

1.15 ± 0.02’ (5)

0.20 ± 0.07 (6)

1.58 ± 023” (6)

a p < 0.005.

bp < 0.001.

1.54 ± 0.26 (11)

1.57 ± 0.47 (6)

0.96 ± 0.45 (5)

1.91 ± 0.41 (6)

1.73 ± 0.04 (6)

0

0)

0�

0

E

, 2 3 1.

COIJCENTPAT!DN OF FHLOP!ZIN (mM)

}IG. 5. Concentration (lependence of plilorizin
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TABLE 4

Effects of antimycin A , (]�1fPS, and chiorpromazine on uptake of phiorizin by intact and homogenized islets

In experiments with intact islets (“islets”), these were incubated for 90 mm in albumin-free basal

medium supplemented with test substance as listed. During the last 60 mm the incubation medium

also contained 0.1 mM [311]phlorizin (50 mCi/rnmole) and 0.5 m�s [‘4Cjurea (20 mCi/mmole). The islet

contents of phlorizin are given after correction for label in the urea space. In another series of experi-
ments (“homogenates”) 25 islets were first homogenized in 75 � of basal medium. After centrifugation

at 400 X g for 10 mm, lO-��l samples of the supernatant fluid were assayed for protein or were incubated
for 90 mill with 90 �d of medium containing test substance, phlorizin, and urea as above. The mixture

of homogenate and medium was thezi filtered, and the retained particles were analyzed for ‘H and ‘IC.
After correction for label in the urea space, the amounts of particle-bound phlorizin were calculated

per unit of protein of the incubated homogenate. All results are given as mean values ± standard errors

for the tiumbers of experiments stated within parentheses.

Experinietits wit h ant irnycin A 5151(1
CMPS

None (control)
Antimycin A, 10 s�t

CMPS, 0.5 mis

Experiments with chlorpronsazisie

Noise (control)

Chlorproniazine, 0.5 mis

uptake

Islets were incubate(1 for 45 miii in albumin-

free media supplemented with different concentra-

tions of [‘H]phlorizin (2-50 mCi/mmole) and 0.1

IflM [U-’4Clsucrose (100 mCi/nimole). The points

denote uptake of phlorizin in excess of the sucrose

space and represent the mean values of two to six

experiment-s. Bars indicate the standard errors in
the cases of five or six experiments.

insulin release in the absence of glucose (1).
nih purpose of the present study was to shed

some light on the mechanism of this stimula-
tion. Two questions appear to be particu-

larly important in relation to the problem of
physiological stimulus recognition : (a) Is
there any similarity betiseen phiorizin and
glucose in their actions as insulin secreta-
gogues? (b) Can the effect of phlorizin be
attributed to a direct action on the a-cell

plasma membrane?
The major reason for raising the first of

these questions is, of course, that phiorizin
has long been known to interact with glu-

cose-binding transport systems of different

cells (31). We have shown that phlorizin
inhibits mediated glucose transport in the
type of islet preparation used (1, 16). Al-
though the glucose transport system in the
�3-cells does not seem to be identical is-ith the
recognition system responsible for insulin

release (1, 20), there could is-eli be other
glucose-binding sites with a similar ability
to react with phlorizin. It does not follow,
however, that the insulin-releasing effect of
phlorizin must be mediated by a glucose-
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binding site, since l)hlorizin has been re-
ported to inhibit other systems as well, e.g.,

(Xa+ + I�)-dependent adenosine triphos-
phatase in brain (32) . 1�urthermore, since

phlorizin is a polyphenol compound, it
could perhaps induce rather nonspecific
alterations of the tertiary structure of the

a-cell plasma membrane. The possibility
that the insulin-releasing action of phiorizin

may not involve glucose-binding sites is
obvious from the fact that 5 mis phlorizin is
required for this effect. Inhibition of sugar

transport in other cells has been reported to
require micromolar coneentratiolis of phlori-
zin (2, 31). In the 13-cells 1 mis phlorizin
inhibited glucose transport by at least 50 %

at a glucose concentration of 10 mis (1).
In an attempt to ansis-er the first question

ise investigated hois the effect of phiorizin is
modified by some substances knoisn to
affect glucose-stimulated insulin release.
These substances is-crc chosen so as to cover

different molecular aspects of glucose-stimu-
lated insulin release. Since mannohcptulose
inhibits the stimulatory action of glucose

(4, 5, 20) but not that of leucine (22), it
probably reacts is-it-h the glucose recognition

system. The present observation that
mannoheptulose significantly inhibited in-
sulin release in response to j)Iilorizili and
phloretin therefore suggest-s that these com-

pounds are sensed by the glucose recognition
system. This conclusion can be evaded by
postulating the existence of a separate
insulinogenic mechanism sensitive to phlori-
zin and mannoheptulose, but there is no

support for such a concept- . The stimulatory
action of phloretin and the fact that this
action is-as also inhibited by mannohcptulose

indicate that phlorizin does not- stimulate
insulin release by virtue of its glucose

residue. This does not invalidate the idea
that phlorizin is sensed by a glucose recogni-
tion system. Both phlorizin and phloretin
inhibit glucose transport in the pancreatic
islets as well as in other tissues (31).

The fact that mannoheptulose inhibits

insulin release in responSe to phlorizin or

phioretin has some implications for the inter-

pretation of how maniioheptulose inhibits

secretion in response to glucose. Since

mannoheptulose is an inhibitor of islet

hexokinases, it has been natural to assume

that this may represent the mechanism by
which glucose-stimulated insulin release is
inhibited (5, 33). This explanation is con-

sonant wit-h the hypothesis that glucose

stimulates insulin release through its metab-

olism (3-9). Since the a-cells are permeable
to mannoheptulose (20), it isould be rather

surprising if mannoheptulose did not- affect
the enzymes of intact islets in a manner

similar to that seen is-ith islet homogenates.
Hoiscver, it is difficult to visualize phlorizin

and pliloretin as metabolic substrates for
the hcxokinascs of intact �3-cells. Further-
more, phlorizin was found not to affect- the
contents of glucose 6-phosphate and fruc-

tose 1 , 6-diphosphate in islets iiicubated
without glucose (1). It therefore seems

reasonable to assume that mannoheptulose
can inhibit insulin release in other ways than

through blockade of glucose degradation.
Although these deliberations undoubtedly

converge to the hypothesis that at least part
of the glucose recognition may not- involve
metabolism, we wish to emphasize the

tentative nature of this idea. The literature
contains examples of speculations about a

direct receptor mechanism (1, 1 1, 16, 19,
34-36), but the available experimental sup-
port- either is fragmentary or has not yet

been confirmed.
If OIiU accepts the hypothesis that phiori-

zin stimulates insulin release by acting OIl a
glucose-sensitive direct receptor mechanism,

the results obtained with arginine and
theophylline may indicate that this mecha-

nism does not possess the full competence
of the glucose-recognizing system. Unlike

glucose, phlorizin did not permit arginine to
act as an insulin secret-agogue. The media-

nism of the permissive action of glucose is
not known. However, bearing in mind that
it dliii appareiitly be prevented with manno-
heptulose (22), it is best visualized as an
integral Part of the full glucose-recognizing
system. This jntrt of the system appears iiot

tO be altogether specific for glucose, sitice the
stimulatory effect of arginine can also be

5(�efl in the l)I(�5(�1iC(� of leucine (37). One

j)ropertv t lint- leucine shares wit Ii gluc )SC

is tIM’ ability to undergo fairly ral)id oxida-

tioii III titi’ /3-((’lls (3S), and it is (OoI)reiV:I.hle
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that arginitie r(’quires tie productioti of

some intermediate or cofactor of glucose or
l(’ltciIie metabolism in order to be fully

potent as all iIlsUlilI seeretagogue. ‘i’his
interpretation fits the obs(’rvatu)n that

arginine is Hi itself poorly oxidized in the
/3-dells (38). 1�iridle et al. (19) suggest(’d that

the glucose recognition system might ivell be
composed of t\V() parts, a direct receptor for

the glucose molecule as i\(’1l as glucose
metabolism. \latschinskv et al. (36) and

Landgraf et al. (1 1) interpreted some of
their recent data as supporting this view.
Iii the sanie veil!, tite fstct tbi�tt plilorizill
stimulated insulin release but failed to
potentiate tli(� effect of arginin(’ mt�v be
explained by aSSumillg that plil �rizin st imu-

lates only the direct receptor.
The ability of methvlxanthill(’s to J)OteIl-

t-iate glucose-st irnulated insulin r(’leaSe has
been well established (21, 24) and is docu-
merited here with microdis.sected islets from

obese-hyperglycemie mice. Brisson et al.

(39) explained this synergism by postulating
that- theoj)hyllifle (�ttU&� 5 a translocation of

calcium is-ithin the f3-cell, which leads to
insulin release only if glucose or some other

agent prevents excessive calcium euliUX from
the cell. If this idea is correct, the failure of
theophyllinc to pOt(’ntiate the secretory re-

5i)0115c to plilorizin might suggest that
calcium efflux is controlled predominantly

by the metabolic component of the glucose
recognition system.

r#{231}� above bimodal colicept (if glucose
recognition would seem to predict that the
stimulatory action of j)hlorizin should be

subject to regulation by metabolism of glu-
dOSe (i� leucine. We have PreviouslY showii

that 5-10 mis phlorizin inhibits glucose
oxidation (1), which may contribute to the
inhibitory action of phlorizin on glucose-

stimulated insulin release. In the present
study, leucine appeared to potentiate the
insulin-releasing action of phllorizin. The

picture is someishat blurred by the failure of

PYruvate or succinate to enhance the

phlorizni-stimuiated insulin release. It is

l)o�sible that improved insight into the f�-c(’ll
metabolism of these compounds may r(’move

this aj)parelit contradiction to the bimodal

(‘( )llcept of stimulus recognition.

Elect rosi microscopic radioautograpliy has

SiioisIi that l)hlorizin accumulates on the
surface of gut (‘l)ithelium but does not readily
penetrate ifltO the (-ells (2). These observa-

tiOlis isere made �vith micromolar concen-
trations of phlorizin. It is thus far from
certain that philorizin in millimolar concen-

trations ‘sV(illld affect the pancreatic �3-cells
predominantly at the Plasma membrane.
Hois-ever, this idea is supported by the

present data on the uptake of radioactively

labeled phlorizi�i by intact islets. Binding to
the islets was apparent from the much
greater uptake of phlorizin thall of urea. The

accumulation of phiorizin was markedly

increased by exposmg the islets to CMPS,

antimyciIi A, or chlorpromazine, three com-

pounds which also increase the islet uptake

of sucrose, an extracellular space marker’

(29). The illterpretatiOn that CMPS and
antimycin A opened the 13-cells to phiorizin
is supported by the failure of these com-

pounds to increase the binding of phiorizin

to particles of homogenized islets.
It is-as not possible to demonstrate any

effect of glucose on the binding of phlorizin

to the �3-cells. This failure indicates that
under the present conditions phiorizin does

hot react specifically is-ith glucose-binding
sites. If nonspecific binding can be reduced
by altering the experimental conditions, this

would greatly increase the value of phiorizin

as a tool for the identification of the hypo-

thetical isisuliriogemc glucose receptor in the
�3-cell membrane.
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