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Sucralose, an activator of the glucose-sensing receptor,
increases ATP by calcium-dependent and -independent

mechanisms
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Abstract. Sucralose is an artificial sweetener and activates the glucose-sensing receptor expressed in pancreatic B-cells.
Although sucralose does not enter P-cells nor acts as a substrate for glucokinase, it induces a marked elevation of
intracellular ATP ([ATP].). The present study was conducted to identify the signaling pathway responsible for the elevation
of [ATP], induced by sucralose. Previous studies have shown that sucralose elevates cyclic AMP (cAMP), activates
phospholipase C (PLC) and stimulates Ca" entry by a Na'-dependent mechanism in MING cells. The addition of forskolin
induced a marked elevation of cAMP, whereas it did not affect [ATP].. Carbachol, an activator of PLC, did not increase
[ATP].. In addition, activation of protein kinase C by dioctanoylglycerol did not affect [ATP].. In contrast, nifedipine, an
inhibitor of the voltage-dependent Ca®’ channel, significantly reduced [ATP]. response to sucralose. Removal of
extracellular Na* nearly completely blocked sucralose-induced elevation of [ATP],. Stimulation of Na* entry by adding a
Na" ionophore monensin elevated [ATP],. The monensin-induced elevation of [ATP], was only partially inhibited by
nifedipine and loading of BAPTA, both of which completely abolished elevation of [Ca®'].. These results suggest that Na*
entry is critical for the sucralose-induced elevation of [ATP].. Both calcium-dependent and -independent mechanisms are

involved in the action of sucralose.
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GLUCOSE acts as a primary stimulator of insulin
secretion in pancreatic B-cells [1]. Glucose has been
thought to exert its action solely through its metabo-
lism [2, 3]. Thus, glucose enters the cells via glucose
transporters and is then metabolized through the gly-
colytic pathway and in mitochondria. The resultant
increase in the ATP/ADP ratio leads to closure of the
ATP-sensitive potassium (Karp) channel and thereby
depolarizes the plasma membrane [4, 5]. This would
activate the voltage-dependent Ca®>" channel and pro-
mote entry of Ca?" into B-cells. Exocytosis of insu-
lin granules is then triggered by the elevation of sub-
plasma membrane Ca®>" concentration. Additionally,
exocytosis of insulin granules is amplified by another
mechanism, which is not dependent on the K orp chan-
nel 3, 6].
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We have recently postulated the involvement of
another signaling pathway activated by glucose.
Thus, glucose acts as a ligand and binds to and acti-
vates the cell-surface glucose-sensing receptor [7, 8].
This receptor is comprised of the T1R3 subunit of the
sweet taste receptor [9] expressed in taste cells of the
tongue. An intriguing feature of the glucose-sens-
ing receptor is that activation of the receptor facili-
tates glucose metabolism in B-cells and increases ATP
[10]. In fact, when an artificial sweetener sucralose is
administered to B-cells to activate the glucose-sensing
receptor, intracellular ATP concentration (JATP].) is
markedly elevated [10]. Sucralose is an analogue of
sucrose and does not enter B-cells, nor it is metabolized
through the glycolytic pathway [11]. It is reasonable to
expect that sucralose does not affect [ATP], in p-cells.
Nevertheless, when changes in [ATP], were monitored
in MING6 cells, sucralose induced a marked elevation
of [ATP], and is, in fact, much more potent in increas-
ing [ATP]. compared to glucose. Furthermore, sucra-
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lose increases [ATP]. even in the absence of ambient
glucose [10]. This implies that activation of the glu-
cose-sensing receptor by sucralose greatly facilitates
glucose metabolism in B-cells and increases ATP pro-
duction. Collectively, sucralose provides a good tool
to assess the mechanism by which the glucose-sensing
receptor modulates glucose metabolism.

The present study was conducted to determine the
mechanism of action of sucralose on [ATP], in B-cells.
Our previous study showed that sucralose activates
phospholipase C (PLC), and thereby induces Ca>"
release from an intracellular pool and activates protein
kinase C [12]. Sucralose also stimulates Ca”" influx
by a mechanism totally dependent on extracellular
Na* [12]. Presumably, sucralose stimulates Na* entry,
causes depolarization of the plasma membrane and
augments Ca”" entry. In addition, sucralose increases
cyclic AMP (cAMP) by activating G4 [12, 13]. Using
glucose-responsive MING cells [14], we tried to iden-
tify the signaling pathway(s) responsible for the eleva-
tion of [ATP]. induced by sucralose.

Materials and Methods

Materials

Lactisole, monensin, 1,2-Bis(2-aminophenoxy)
ethane-N, N, N’, N’-tetraacetic acid tetrakis-ace-
toxymethylester (BAPTA/AM), 1,2-dioctanoyl-sn-
glycerol (diCg) and sucralose were obtained from
Sigma-Aldrich (St. Louise, MO, U.S.A). Nifedipine,
D-luciferin potassium salt, and N-methyl-D-glucamine
(NMDG) were from Wako Pure Chemicals (Osaka,
Japan). Forskolin was obtained from EMD Millipore
(Billerica, MA, U.S.A). Fura-2/AM was obtained from
Dojindo (Kumamoto, Japan).

Cell culture

MING cells [14] were grown in Dulbecco’s modifies
Eagle’s medium (DMEM) containing a high concentra-
tion of glucose (Invitrogen, Waltham, MA, U.S.A) and
10% fetal bovine serum (Sigma-Aldrich): cells were
cultured in a humidified incubator with 95% air and
5% CO, at 37°C.

Solution

Hanks’ balanced salt solution (HBSS) contained
138 mM NaCl, 5.4 mM KCl, 1.3 mM CacCl,, 0.44 mM
KH,POy, 0.5 mM MgCl,, 0.38 mM MgSQy,, 0.34 mM
Na,HPOy,, 5.5 mM D-glucose and 10 mM HEPES/

NaOH (pH 7.4). To remove extracellular sodium,
sodium was replaced with NMDG.

Measurement of cytoplasmic free calcium and cyclic
AMP concentrations

Cytoplasmic Ca®" concentration ([Ca’*].) was mea-
sured in a single MIN6 cell using a Ca®" indicator
Fura-2/AM. Cells were loaded with Fura-2 by incubat-
ing in HBSS containing 2 uM Fura-2/AM for 20 min
at room temperature. For measurement of cytoplasmic
cyclic AMP concentration ([cAMP].), MING6 cells were
transfected with plasmid encoding Epacl-camps [15],
kindly provided by Dr. Martin Lohse of Wiirzburg
University (Wiirzburg, Germany). Cells were placed
on a 35 mm glass bottom culture dish and the medium
was changed to HBSS. Cells were visualized with a 40
Uapo/340 objective lens (Olympus, Tokyo, Japan). To
detect the fluorescence image, the AQUACOSMOS/
ASHURA, 3CCD based fluorescence energy transfer
imaging system (Hamamatsu Photonics, Hamamatsu,
Japan) was used. Images (40 ms exposure) were
captured with a C7780-22 ORCA3CCD camera
(Hamamatsu photonics) at 10 sec intervals [16]. These
values (F) were normalized to each initial value (F),
and the relative fluorescence change was referred to as
F/F. In each experiment, recordings were obtained in
more than ten cells.

Measurement of cytoplasmic ATP

MING cells expressing luciferase [10] were seeded
into a culture plate-96 and incubated for 2 to 3 days
before the measurement of [ATP].. Cell were then
incubated for 20 min in HBSS containing 50 puM
D-luciferin potassium salt in a 37°C incubator. To
measure basal [ATP]. (Ly), we counted the emitted
photons with EnSpire (Perkin Elmer, Waltham, MA,
U.S.A) for 20 min. The cells were then incubated in
the presence and absence of stimulatory agents. We
counted the emitted photon for 1 h. These values (L)
were normalized to each value (Lg) so that the rela-
tive luminescent changes were referred to as L/L [10].
Measurement was done in quadruplicate and means of
the four determinations are presented. Statistical sig-
nificance was assessed by using the Student z-test.

Results

When MING cells were stimulated by 10 mM sucra-
lose in the presence of 5.5 mM glucose, a rapid eleva-
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tion of [ATP]. was observed (Fig. 1A). Elevation of
[ATP], was detected at 20 sec and peaked at around 2
min. [ATP]. levels remained elevated for as long as 30
min. The effect of sucralose was completely blocked
by lactisole, an inhibitor of TIR3 [17, 18] (Fig. 1B and
1C), indicating that the effect of sucralose was medi-
ated by the glucose-sensing receptor [18].

Previous studies have shown that sucralose
increases [cCAMP]. and activates PLC, which causes
Ca®* release from an intracellular trigger pool and
activation of protein kinase C [12, 13]. Sucralose also
stimulates Ca>" entry by a mechanism dependent on
Na" entry [12, 13]. We first assessed the role of cAMP
in the action of sucralose. To this end, we added for-
skolin, an activator of adenylyl cyclase, and increased
[cAMP]. in MING6 cells. As shown in Fig. 2A, 10 uM
forskolin rapidly increased [cAMP]. in MING6 cells.
However, the addition of forskolin did not affect
[ATP], levels (Fig. 2B). We then assessed the role
of PLC activation in sucralose-induced elevation of
[ATP].. We activated PLC by adding carbachol,
an agonist of the muscarinic receptor. As shown in
Fig. 2C, addition of 10 uM carbachol evoked a rapid
transient elevation of [Ca®*]., which may be induced by
carbachol-mediated activation of PLC. When changes
in [ATP], were measured, there was a small decrease in
[ATP]. (Fig. 2D). The decrease in [ATP]. was only
transient and elevation of [ATP], was not observed
subsequently. We then activated protein kinase C by
adding a synthetic diacylglycerol diCg. As shown in
Fig. 2E, application of diCg, which activates protein
kinase C in B-cells [19], did not affect [ATP]..

We then assessed the role of Ca®" entry in the action
of sucralose. To this end, we measured the effect of
nifedipine, an inhibitor of the L-type voltage-depen-
dent calcium channel, in sucralose-induced elevation
of [ATP].. In the presence of nifedipine, sucralose
induced a small and transient elevation of [Caer]C (Fig.
3A). [Caer]C levels returned to the basal level within 1
min. In this condition, sucralose induced a small and
sustained elevation of [ATP], (Fig. 3B). Nifedipine
markedly inhibited [ATP], response (Fig. 3C). When
BAPTA was loaded to clamp the [Ca®"], levels, sucra-
lose was not able to induce any changes in [Ca”'], (Fig.
4A). In this condition, sucralose induced a small but
sustained elevation of [ATP]. (Fig. 4B). BAPTA sig-
nificantly inhibited [ATP], response induced by sucra-
lose (Fig. 4C). When extracellular Na* was removed,
sucralose induced a small and transient elevation of
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Fig. 1 Effect of sucralose on [ATP]¢

A. Luciferase-expressing cells were stimulated by 10 mM
sucralose and changes in [ATP]. were monitored. Results
are the mean of four determinations and representative
of four experiments. B. Cells were incubated for 10 min
with 5 mM lactisole and were then stimulated by 10 mM
sucralose in the presence of lactisole. Results are the
representative of four experiments. C. Experiments are
carried out as shown in A and B and area under the curve
(AUC) from 0 to 20 min was calculated. Values are the
mean + S.E. for four experiments. * P <0.01 vs control.
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A. Cells expressing Epacl-camps were stimulated by 10 uM forskolin. The results are representative of three experiments.

B. Luciferase-expressing cells were stimulated by 10 uM forskolin. The results are representative of three experiments.
C. Fura-2-loaded cells were stimulated by 10 uM carbachol and changes in [Ca%]C were monitored. The results are the
representative of three experiments. D. Luciferase-expressing cells were stimulated by 10 uM carbachol and changes in [ATP]c
were monitored. The results are the representative of four experiments. E. Luciferase-expressing cells were stimulated by 10
puM diCg and changes in [ATP]. were monitored. The results are the representative of three experiments.
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Effect of nidedipine on sucralose-induced chnages in
[Ca®"]c and [ATP].

A. Fura-2-loaded cells were stimulated by 10 mM
sucralose in the presence (O) and absence (@) of 10 pM
nifedipine. Nifedipine was added 10 min prior to the
stimulation by sucralose. B. Luciferase-expressing cells
were stimulated by 10 mM sucralose in the presence (O)
and absence (@) of 10 uM nifedipine, which was added
10 min prior to the stimulation. C. Changes in [ATP]¢
were measured as shown in B and AUC from 0 to 20
min was calculated. Values are the mean + S.E. for four
experiments. * P <0.01 vs without nifedipine.
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Fig. 4 Effect of BAPTA-loading on sucralose-induced changes

in [Ca®"]c and [ATP].

A. Fura-2-loaded cells were stimulated 10 mM sucralose
in the presence (O) and absence (@) of BAPTA and
changes in [Ca2+]c were monitored. B. Luciferase-
expressing cells were stimulated by 10 mM sucralose in
the presence (O) and absence (@) of BAPTA and changes
in [ATP]. were monitored. Results are the representative
of three experiments. C. Changes in [ATP].
were measured as shown in B and AUC from 0 to 20
min was calculated. Values are the mean + S.E. for three
experiments. * P < (.05 vs without BAPTA.
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[Ca®"], (Fig. 5A). Indeed, sucralose-mediated eleva-
tion of [ATP]. was nearly completely blocked by the
removal of extracellular Na* (Fig. 5B and 5C).

We then assessed the role of Ca®* entry in elevation
of [ATP]. in MING cells. We added 40 mM potassium
chloride, which depolarizes the plasma membrane and
augments Ca’" entry via the voltage-dependent calcium
channel. As shown in Fig. 6A, 40 mM potassium chlo-
ride induced biphasic changes in [ATP].. Immediately
after the addition of potassium chloride, a rapid eleva-
tion of [ATP]. was observed. After the peak of [ATP].,
[ATP], decreased rapidly to a level far below the basal
level. [ATP], remained decreased for 30 min. A simi-
lar pattern of changes in [ATP], was observed when 20
mM potassium chloride was administered, although the
magnitude of the responses was smaller (Fig. 6B). We
then blocked Ca®* entry induced by potassium chloride
by adding a calcium channel blocker nifedipine. As
shown in Fig. 6C, nifedipine completely blocked ele-
vation of [Ca’"], induced by 40 mM potassium chlo-
ride. When 40 mM potassium chloride was adminis-
tered in the presence of nifedipine, [ATP]. increased
rapidly and after the peak of [ATP]., [ATP]. levels
then decreased gradually. The decrease in [ATP], was
blunted and was never below the basal level. Thus,
a large decrease in [ATP]. was considerably inhibited
by nifedipine (Fig. 6D). We then blocked the eleva-
tion of [Ca’®"], by applying a Ca®" chelator BAPTA.
As shown in Fig. 6E, 40 mM potassium chloride did
not affect [CaZJ’]c in cells loaded with BAPTA. In this
condition, 40 mM potassium chloride induced a mono-
phasic elevation of [ATP], (Fig. 6F). Thus, potassium
chloride increased [ATP]., which was followed by a
gradual decrease to the basal level. The peak value was
lower than that in the absence of BAPTA.

Finally, we studied the role of Na* entry in the ele-
vation of [ATP].. To this end, we administered a Na*
ionophore monensin [20]. Monensin induces Na* entry
and thereby depolarizes the plasma membrane. Then
the voltage-dependent calcium channel is activated and
Ca®" entry is augmented. As shown in Fig. 7A, monen-
sin induced a sustained elevation of [ATP]. in MIN6
cells. To determine the role of Ca* entry in monensin-
evoked elevation of [ATP]., we administered nifedipine.
As shown in Fig. 7B, nifedipine completely blocked the
elevation of [Ca®"]. induced by monensin. Nifedipine,
however, did not completely abolish elevation of [ATP],
evoked by monensin. As shown in Fig. 7C, monensin
induced a gradual but sustained elevation of [ATP], in
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Fig. 5 Effect of removal of extracellular Na* on sucralose-
induced changes in [Caz+]c and [ATP]¢
A. Fura-2-loaded cells were incubated in HBSS (@) or
Na '-free HBSS (QO) for 30 min and then stimulated by
10 mM sucralose. Changes in [Ca2+]c were monitored.
B. Luciferase-expressing cells were incubated in HBSS
(@) or Na'-free HBSS (0) for 30 min and then stimulated
by 10 mM sucralose. C. Changes in [ATP]. were
measured as shown in B and AUC from 0 to 20 min
was calculated. Values are the mean + S.E. for four
experiments. * P <0.01 vs with Na'.
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A, B. Luciferase-expressing cells were stimulated by 40 mM (A) or 20 mM (B) potassium chloride and changes in [ATP]c
were monitored. C. Fura-2-loaded cells were stimulated by 40 mM potassium chloride in the presence (O) and absence (@)
of 10 uM nifedipine added 10 min prior to the stimulation. Results are representative of three experiments. D. Luciferase-
expressing cell were stimulated by 40 mM potassium chloride in the presence (O) and absence (@) of 10 uM nifedipine added
10 min prior to the stimulation. Results are the representative of three experiments. E. Fura-2-loaded cells were stimulated by
40 mM potassium chloride in the presence (O) and absence (@) of BAPTA. Results are the representative of four experiments.
F. Luciferase-expressing cells were stimulated by 40 mM potassium chloride in the presence (O) and absence (@) of BAPTA.

Results are the representative of four experiments.
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Fig. 7 Effect of monensin on [Caﬁ]C and [ATP].

A. Luciferase-expressing cells were stimulated by 10 uM monensin and changes in [ATP]. were monitored. Results are the
representative of three experiments. B. Fura-2-loaded cells were stimulated by 10 pM monensin in the presence (O) and
absence (@) of 10 pM nifedipine added 10 min prior to the stimulation. Results are the representative of four experiments.
C. Luciferase-expressing cells were stimulated by 10 uM monensin in the presence (Q) and absence (@) of 10 uM nifedipine
added 10 min prior to the stimulation. Results are the representative of four experiments. D. Fura-2-loaded cells were
stimulated by 10 uM monensin in the presence (Q) and absence (@) of BAPTA. Results are the mean + S.E. for three
experiments. E. Luciferase-expressing cells were stimulated by 10 uM monensin in the presence (Q) and absence (@) of
BAPTA. Results are the representative of four experiments. F. Quantitative analysis of the effects of nefedipine and BAPTA
on [ATP]c. Experiments were carried out as in C and E. AUC was calculated. * P <0.05 vs monensin alone.
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the presence of nifedipine. To confirm that monensin
was able to increase [ATP], in the absence of elevation
of [Ca®'],, we chelated [Ca®"], by adding BAPTA. As
shown in Fig. 7D, BAPTA-loading completely abol-
ished elevation of [Ca2+]c induced by monensin. In this
condition, monensin was still able to induce sustained
elevation of [ATP]. (Fig. 7E). Quantitative analyses of
the results are shown in Fig. 7F.

Discussion

The present study was conducted to identify the sig-
naling pathway responsible for the elevation of [ATP],
induced by sucralose. Sucralose is a potent agonist for
the glucose-sensing receptor and induces elevation of
[ATP], in the presence and even absence of glucose
[10]. With regard to the signaling pathways, sucralose
increases [cCAMP], presumably by activating G4 [12,
13]. Interestingly, sucralose also activates PLC through
activation of G4 leading to mobilization of Ca®" from
endoplasmic reticulum and activation of protein kinase
C[12, 13]. Sucralose also stimulates Ca>* entry, which
is dependent on extracellular Na" [13]. We assessed
the role of these signaling pathways using pharmaco-
logical agents modifying these pathways. First, results
obtained by using forskolin negate the involvement
of cAMP in sucralose action on [ATP]. (Fig. 2B). To
assess the role of PLC activation, we applied a musca-
rinic agonist carbochol. Although carbachol increased
[Ca®"], to a level comparable to that induced by sucra-
lose, carbachol failed to increase [ATP].. Additionally,
activation of protein kinase C by diCg failed to increase
[ATP].. Collectively, it is unlikely that sucralose ele-
vates [ATP]. by activating PLC.

As shown in Fig. 3B, inhibition of Ca®' entry
through the voltage-dependent calcium channel by
nifedipine significantly reduced the [ATP], response to
sucralose. The result suggests that stimulation of Ca>*
entry is involved in the sucralose action on [ATP]..
Ca®" entry rather than Ca®" release from endoplas-
mic reticulum is important for facilitation of glucose
metabolism by sucralose. Importance of Ca’’ entry
was supported by the fact that removal of extracellular
sodium, which abolishes Ca®* entry by sucralose [12,
13], nearly completely abolished elevation of [ATP],
by sucralose. We have to point out that stimulation of
Ca®" entry is not the sole mechanism by which sucra-
lose increases [ATP].. As shown in Fig. 4B and 4C,
loading of BAPTA, which completely abolishes ele-

vation of [Ca®'] induced by sucralose, did not com-
pletely inhibit elevation of [ATP].. There must be a
Ca®*-independent mechanism to elevate [ATP],. This
mechanism is dependent on Na™ entry since removal of
extracellular Na* completely blocked sucralose action
on [ATP], (Fig. 5C).

When depolarizing concentration of potassium was
applied, there was a peak of [ATP]. which was fol-
lowed by a profound decrease in [ATP]. (Fig. 6A).
This decrease in [ATP]. may be due to consumption
of ATP by the plasma membrane Ca>* pump [21]. In
accordance with this notion, the profound decrease in
[ATP], was blocked by either nifedipine or loading of
BAPTA (Fig. 6D and 6F). Collectively, stimulation of
Ca®" influx causes facilitation of glucose metabolism
and increases [ATP].. This is probably because Ca*"
entry leads to elevation of Ca>* concentration in mito-
chondria, which activates Ca®"-dependent dehydro-
genases in mitochondria [22, 23]. It should be men-
tioned that high concentration of potassium increased
[ATP], even in the presence of nifedipine or BAPTA.
As shown in Fig. 6C and 6E, elevation of [Ca®"]. was
completely blocked by either nifedipine or BAPTA-
loading. These results indicate that there may be a
calcium-independent action of high concentration of
potassium. A possible candidate signal is depolariza-
tion of the plasma membrane induced by a high con-
centration of potassium chloride.

To further assess the role of depolarization and Ca®*
entry, we administered a sodium ionophore monensin.
As shown in Fig. 7A, monensin induced a sustained
increase in [ATP].. The monensin-induced elevation
of [ATP], was only partially inhibited by nifedipine
and loading of BAPTA, both of which blocked eleva-
tion of [Ca’'], induced by monensin. Hence, stimula-
tion of Na* increased [ATP], by both Ca®"-dependent
and -independent mechanisms. It seems likely that
depolarization of the plasma membrane by monen-
sin may cause elevation of [ATP], to some extent. At
present, the mechanism by which depolarization of
the plasma membrane increases [ATP], is not certain.
In this regard, it is known that depolarization itself
affects cellular functions by a mechanism independent
of the changes in Ca®" fluxes [24-26]. Furthermore,
enzymes regulated by membrane potential are also
described [26]. Accordingly, it is not impossible that
depolarization of the plasma membrane controls glu-
cose metabolism. Further studies are clearly needed
to identify the mechanism by which depolarization
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affects glucose metabolism.

We have reported that activators of the glucose-
sensing receptor induce different patterns of changes
in intracellular signals depending upon the types of
agonists [13]. Accordingly, signals evoked by sucra-
lose is slightly different from those evoked by glucose
[13, 27]. In this regard, the present results obtained
by sucralose cannot be directly applied to the action
of glucose. However, some of the present results
are quite important for consideration of the action of
glucose. For example, it is well known that glucose
induces oscillatory changes in the membrane potential
[4]. As shown in the present study, depolarization of
the plasma membrane facilitates glucose metabolism
by both calcium-dependent and -independent mecha-
nisms. Therefore, oscillatory changes in the membrane

potential may be quite important for promotion of the
production of ATP in B-cells. In any case, the mecha-
nism of action of glucose in pancreatic B-cells should
be revised considerably.
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