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Rebaudioside A Potently Stimulates Insulin Secretion From Isolated Mouse
Islets: Studies on the Dose-, Glucose-, and Calcium-Dependency

Reziwanggu Abudula, Per Bendix Jeppesen, Stig Eric D. Rolfsen, Jianzhong Xiao, and Kjeld Hermansen

xtracts of leaves of the plant Stevia rebaudiana Bertoni (SrB), have been used for many years in traditional treatment of

iabetes in South America. Stevia leaves contain diterpene glycosides, stevioside and rebaudioside A being the most

bundant. Recently, it was demonstrated that stevioside stimulates the insulin secretion both in vitro and in vivo. Subse-

uently, we wanted to elucidate the influence of rebaudioside A on the insulin release from mouse islets using static

ncubations, as well as perifusion experiments. Rebaudioside A (10�16 to 10�6 mol/L) dose-dependently stimulated the insulin

ecretion in the presence of 16.7 mmol/L glucose (P < .05). The stimulation of insulin release occurs at a concentration of

0�14 mol/L rebaudioside A, and maximal insulin response was obtained at 10�10 mol/L (P < .01). Rebaudioside A stimulates

nsulin secretion in a glucose-dependent manner (3.3 to 16.7 mmol/L) and only potentiated insulin secretion at glucose > 6.6

mol/L. The effect of rebaudioside A is critically dependent on the presence of extracellular Ca2�, ie, rebaudioside A–induced

nsulin stimulation at high glucose disappears in the absence of extracellular Ca2�. In conclusion, rebaudioside A possesses

nsulinotropic effects and may serve a potential role as treatment in type 2 diabetes mellitus.
2004 Elsevier Inc. All rights reserved.
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YPE 2 DIABETES has 2 hallmark features, ie, insulin
resistance and compromised function of � cells. Extracts

f leaves from the plant Stevia rebaudiana Bertoni (SrB) have
een used for many years in traditional medicine in South
merica in the treatment of diabetes.1 Stevia leaves contain
iterpene glycosides that are responsible for the typical sweet
aste, Stevioside and rebaudioside A being the most abundant
ccounting for 5% and 2% of the dry matter, respectively.2 A
5% reduction in blood glucose has been observed in diabetic
ubjects after oral intake of SrB extracts.3 Previously, we have
emonstrated that stevioside exerts a direct insulinotropic ac-
ion in isolated mouse islets and in clonal �-cell lines (INS-
and INS-1E)4 and possesses antihyperglycemic effects.5,6 The
uestion arises if rebaudioside A does also possess an insuli-
otropic action. Rebaudioside A shares the main structure with
tevioside, ie, consisting of steviol, the aglucone of stevioside,
ith 4 moles of D-glucose, while the structure of stevioside is

teviol with 3 moles of D-glucose.2 Our hypothesis was that
ebaudioside A also possesses insulinotropic actions. The aim
as to evaluate the effect on insulin secretion of rebaudioside
using in isolated mouse islets. To the best of our knowledge,

his is the first investigation on the influence of rebaudioside A
n the pancreatic function.
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MATERIALS AND METHODS

aterials

Tissue culture medium RPMI 1640 was obtain from GIBCO BRL
Paisley, UK). A guinea pig antiporcine insulin antibody, mono-125I-
Tyr A14)-labeled human insulin and porcine insulin were from Novo
ordisk (Bagsvaerd, Denmark). Collagenase P was obtained from
oehringer Mannheim GmbH (Mannheim, Germany) and Hanks’ bal-
nced salt solution, bovine serum albumin (BSA), EGTA, and other
hemicals were obtained from Sigma Chemical (St Louis, MO). Re-
audioside A was purchased from Wako Pure Chemical Industries
Tokyo, Japan).

solation of Islets of Langerhans

Islets were isolated from adult female NMRI mice (Bomholtgård
reeding and Research Center, Ry, Denmark) weighing 22 to 25 g by
ollagenase digestion, as described previously4,7 and maintained over-
ight in RPMI 1640 culture medium containing 11 mmol/L glucose and
upplemented with 10% fetal calf serum, 2.06 mmol/L L-glutamine,
00 IU/mL penicillin (all GIBCO BRL).

easurements of Insulin Release From Incubated Pancreatic
slets

Islets were preincubated in a modified Krebs-Ringer bicarbonate
uffer (KRB) containing 125 mmol/L NaCl, 5.9 mmol/L KCl, 1.2
mol/L MgCl2, 1.28 mmol/L CaCl2, and 25 mmol/L HEPES, pH 7.4,

upplemented with 1 mg/mL BSA, with 3.3 mmol/L glucose for 30
inutes at 37°C. For experiments performed in Ca2�-free medium,
aCl2 was replaced by 0.5 mmol/L EGTA, and the preincubation time
as extended to 60 minutes.8 After preincubation, a single islet was

elected and incubated in 100 �L KRB for 60 minutes at 37°C with
ppropriate test substances. An aliquot of 50 �L was drawn for insulin
ssay after incubation.

easurements of Insulin Release From Perifused Pancreatic
slets

Twenty-five islets was placed into the perifusion chambers and
erifused with KRB at a flow rat of 200 �L/min at 37°C.4 Fractions
ere collected every 2 minutes. The experiment was designed as

ollows: (1) 10-minute preperifusion at 3.3 mmol/L glucose, (2) 30-
inute perifusion at 3.3 mmol/L glucose in the presence or absence of

0�10 mol/L rebaudioside A, (3) 30-minute perifusion at 3.3 mmol/L

lucose, (4) 30-minute perifusion at 16.7 mmol/L glucose in the pres-

Metabolism, Vol 53, No 10 (October), 2004: pp 1378-1381
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1379REBAUDIOSIDE A AND INSULIN SECRETION
nce or absence of 10�10 mol/L rebaudioside A, (5) 30-minute perifu-
ion at 3.3 mmol/L glucose, (6) 20-minute preperifusion at 16.7
mol/L glucose.

nsulin Assay

Insulin was analyzed by radioimmunoassay using a guinea pig
ntiporcine insulin antibody and mono-125I-(Tyr A14)-labeled human
nsulin as tracer and porcine insulin as standard. The separation of
ound and free radioactivity was performed using ethanol. Rebaudio-
ide A at the concentration used did not interfere with the insulin assay.

tatistical Analysis

Data are expressed as means � SEM. Each treatment was compared
ith control, and statistical significance between 2 groups was evalu-

ted using the Student’s t test. A P value of less than .05 was consid-
red statistically significant.

RESULTS

he Dose- and Glucose-Dependent Effects of Rebaudioside A
n Insulin Release

Figure 1 demonstrates the effect of rebaudioside A (10�16 to
0�6 mol/L) on glucose-stimulated (16.7 mmol/L) insulin re-
ease from mouse islets. The addition of increasing concentra-
ions of rebaudioside A elicited a dose-dependent increase in
he insulin secretion in the presence of 16.7 mmol/L glucose.
he maximal insulin response was obtained at the concentra-

ion of 10�10 mol/L (P � .01) and the lowest effective dose of
ebaudioside was 10�14 mol/L.

Figure 2 shows the effects of rebaudioside A (10�10 mol/L)
n insulin secretion from mouse islets at the glucose concen-
rations of 3.3, 6.6, 11.1, and 16.7 mmol/L, respectively. Re-
audioside A potentiated the insulin secretion at glucose levels
f 11.1 mmol/L or higher (P � .05), whereas no stimulatory
ffect was detected at normal or low glucose concentrations.

ffects of Rebaudioside A on the Dynamic of Insulin Release
rom Perifused Mouse Islets

In the presence of 3.3 mmol/L glucose, the addition of

Fig 1. Effect of rebaudioside A (10�16mol/L to 10�6 mol/L) on

lucose (16.7 mmol/L)-stimulated insulin secretion from isolated

ouse islets incubated for 60 minutes. #P < .05 v control (glucose

6.7 mmol/L). Each bar represents the mean � SEM from 16 incuba-

ions of a single islet.
ebaudioside A did not change basal insulin secretion. As e
xpected, the increase in the prevailing glucose level from 3.3
o 16.7 mmol/L caused a biphasic insulin response from peri-
used islets. In the presence of high glucose (16.7 mmol/L),
0�10 mol/L rebaudioside A elicited a pronounced and sus-
ained monophasic increase in insulin release (Fig 3).

�-Adenosine Triphosphate Channel Dependency of the
nsulinotropic Effect of Rebaudioside A

As seen in Fig 4, the insulin response from islets incubated
t 16.7 mmol/L glucose was diminished in the presence of 200
mol/L diazoxide. Addition of 10�10 mol/L rebaudioside A
as unable to counteract the inhibition of glucose-induced

nsulin release mediated by diazoxide.

Fig 2. Effect of rebaudioside A (10�10 mmol/L, ■ ) on insulin se-

retion from isolated mouse islets in the presence of glucose con-

entrations of 3.3, 6.6, 11.1, and 16.7 mmol/L, respectively. #P < .05

control (in the absence of rebaudioside A, �). Each bar represents

he mean � SEM from 16 incubations of a single islet.

Fig 3. Insulin secretion from perifused isolated mouse islets in the

bsence (control, E) or presence of rebaudioside A (10�10 mol/L, F)

t low (3.3 mmol/L) and high (16.7 mmol/L) glucose. Each curve is

he mean � SEM from 6 perifusion experiments with 25 islets in
ach.
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1380 ABUDULA ET AL
a2� Dependency of the Insulinotropic Effect of
ebaudioside A

The dependence on extracellular Ca2� was examined at 16.7
mol/L glucose. As can be seen in Fig 5.16.7 mmol/L glucose

lone or 16.7 mmol/L glucose in the presence of 10�10 mol/L
ebaudioside A did not stimulate insulin secretion in the ab-
ence of extracellular Ca2�.

DISCUSSION

We tested the hypothesis that an insulinotropic effect was
arbored in the diterpene glycoside, rebaudioside A. The study
s the first to demonstrate that rebaudioside A causes a dose-
nd glucose-dependent stimulation of insulin secretion from
solated mice islets. Rebaudioside A elicits a typical monopha-
ic insulin response. Interestingly, the stimulatory effect of
ebaudioside A disappears in the presence of normal or low
lucose. In the absence of extracellular calcium, the insulino-
ropic effect of rebaudioside A vanishes.

Type 2 diabetes is a chronic metabolic disorder that results
rom insufficient insulin secretion. The necessity to identify
ew molecules that safely stimulate endogenous insulin bio-
ynthesis and secretion is considerable.9,10 We have demon-
trated that stevioside and steviol, glucosides present in SrB,
oth have the capability to potentiate insulin secretion from
solated mouse islets in a dose- and glucose-dependent man-
er.4 Rebaudioside A seems to be more potent than stevioside
nd steviol, eliciting clear-cut insulin stimulation even at a
oncentration as low as 10�14 mol/L. The reason for the higher
otency of rebaudioside A is not known. The difference in
umber and positions of the glucose molecules in these glyco-
ide molecules may play a role in this respect. While steviol is
n aglucon, rebaudioside A contain 4 glucose molecules versus
in stevioside. The purity of rebaudioside A is from 95% to

8% according to the information provided from the producer.

Fig 4. Effects of diazoxide (200 �mol/L) on insulin release in the

bsence (�) or presence of rebaudioside A (10�10 mol/L, ) in the

resence of high glucose (16.7 mmol/L). #P < .05 v control (absence

f diazoxide). (■ ) Represents insulin secretion at 3.3 mmol/L glucose

n the absence of diazoxide. Each bar represents the mean � SEM

rom 16 incubations of a single islet.
lthough, in theory, minor impurities of the tested substances S
ay influence the findings, it seems unlikely that they should
lay a major role.
The insulinotropic effects of stevioside and steviol were

ritically dependent on the prevailing glucose concentration, ie,
hey potentiated insulin secretion only at or above 8.3 mmol/L
lucose.4 The requirement of a supranormal glucose level as a
ostimulus for rebaudioside A to be insulinotropic is important,
ecause this may reflect that Rebaudioside A, as stevioside4

eems to carry a lower risk of hypoglycemia than sulphonyl-
reas. Thus the effects of rebaudioside A fade at glucose
oncentrations comparable with normoglycemia. In this con-
ext, it is noteworthy that we previously demonstrated that a
olus injection of stevioside in the fasting state did not cause
ypoglycemia in the normal Wistar rat or the diabetic Goto-
akizaki (GK) rat.5

In perifusion experiments, we demonstrated that rebaudio-
ide A elicits a distinct monophasic insulin response, similarly
o what we have previously found for stevioside.4 Despite the
pparent lack of a first-phase insulin response of stevioside in
itro,4 long-term oral stevioside treatment improves first-phase
nsulin response in the diabetic GK rat.5

To understand the mechanisms of action of rebaudioside A
n the � cells, we incubated pancreatic islets with diazoxide, a
ompound that inhibits the insulin release by increasing K�

onductance of the �-cell membrane through opening of the
denosine triphosphate (ATP)-sensitive K� channels.11,12 Re-
audioside A was unable to reverse the inhibitory effect of 200
mol/L diazoxide on glucose-induced insulin release. This

uggests that rebaudioside A may not affect ATP-sensitive K�

hannels in the � cells like we previously demonstrated for
tevioside.4 Further studies are, however, needed to clarify
hether or not rebaudioside A does affect the ATP-sensitive
� channels directly.
In the present study, rebaudioside A (10�10 mol/L) did not

timulate insulin release at 16.7 mmol/L glucose in the absence
f extracellular Ca2�. This suggests that the insulinotropic
ffect of rebaudioside A is critically dependent on Ca2� influx

Fig 5. Effect of rebaudioside (10�10 mol/L) on insulin release in

a2�-free medium. Isolated mouse islets were incubated for 60 min-

tes in the absence or presence (control) of extracellular calcium at

lucose concentrations of 3.3 (■ ), 16.7 (�), and 16.7 mmol/L plus

ebaudioside A (10�10mol/L, ). Each bar represents the mean �
EM from 16 incubations of single islets. #P < .05 v control.
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1381REBAUDIOSIDE A AND INSULIN SECRETION
rom the extracellular space. At first glance this may occur
uzzling considering our previous findings indicating that the
nsulinotropic effect of both stevioside and steviol is preserved
n the absence of extracellular Ca2�.4 However, it is notewor-
hy that the diterpene concentration needed to stimulate the
nsulin secretion in a Ca2�-free medium was extremely high
10�3 to 10�2 mol/L). Stevioside, as well as steviol, in a
oncentration causing maximal effect (10�6 mol/L) were un-
ble to enhance the insulin release in the absence of extracel-
ular Ca2�. The augmentation of the insulin release in Ca2�-
ree medium in our previous studies may consequently be due
o unspecific effects at extremely high levels of the glucosides.
t seems unlikely that it is ascribed to an irreversible toxic

ffect on � cells, because the islets subsequently responded T
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In conclusion, rebaudioside A potently stimulates the insulin
ecretion from isolated mouse islets in a dose- and glucose-
ependent manner. Interestingly, rebaudioside A does not
ause a stimulation of insulin release at near-normal glucose
evels, which is likely to reduce or eliminate the risk of hypo-
lycemia. Whether rebaudioside A may serve in the treatment
r prevention of type 2 diabetes remains to be elucidated.
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